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ABSTRACT
RETROSPECTIVE ANALYSIS OF EPIDEMIC
EASTERN EQUINE ENCEPHALOMYELITIS TRANSMISSION
IN MASSACHUSETTS
SEPTEMBER 1998
ABELARDO C. MONCAYO
B.S., OHIO UNIVERSITY
M.S., OHIO UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor John D. Edman

The study presented in this dissertation concerns the epidemiology of eastern
equine encephalitis (EEE) in Massachusetts.
Human serosurveys were conducted in case neighborhoods to determine the
inapparent infection rate and to test the hypothesis of focality of EEE virus
transmission. An inapparent transmission rate of up to 1.85% was observed at
epidemic foci. Focality of transmission was supported by identification of an
inapparent infection less than 10 meters from a 1990 case site.
Putative epidemic EEE virus vector populations were compared at 15 case
sites in Massachusetts. Carbon dioxide baited American Biophysics Corporation
(ABC) light traps were used for trapping mosquitoes to estimate biting risk. These
population data along with biological and behavioral data from other studies suggest
that Coquillettidia perturbans (Walker), Aedes canadensis (Theobald), and Culex
salinarius (Coquillett) may be more important vectors than the other potential
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vectors for EEE virus in Massachusetts, Aedes vexans (Meigen), Anopheles
punctipennis (Say) and Anopheles quadrimaculatus (Say).
Stepwise linear regression models were constructed from remotely sensed
landscape data and Geographic Information System (GIS) Technology. Wetlands
accounted for up to 72.5% of the observed variation in the host seeking populations
of Ae. canadensis, Ae. vexans, and Culesita melanura.
Stepwise linear regressions also demonstrated deciduous wetlands to be the
specific wetland category contributing to the major class models. Pesticide targeting
of deciduous (or coniferous) wetlands may be an effective way of controlling the
abundance of Cs. melanura, Ae. canadensis and Ae. vexans.
The effect of EEE virus on survivorship was determined for three possible
epidemic vectors: Aedes albopictus. An. quadrimaculatus and Cq. perturbans.
Female mosquitoes of these three species were exposed to EEE virus through
infected blood meals and compared to uninfected controls for differential survival.
Additionally, survival of Cq. perturbans and An. quadrimaculatus mosquitoes
intrathoracically inoculated with EEE virus was compared to controls receiving
diluent inoculations. It was shown that neither Ae. albopictus nor An.
quadrimaculatus experienced reduced survivorship. Reduced survival was observed
among Cq. perturbans orally infected with EEE virus. Damage to the midgut
epithelium by EEE virus may be the cause of the increased mortality in this vector.
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CHAPTER 1
LITERATURE REVIEW
Introduction
Epidemiology
Eastern Equine Encephalomyelitis (EEE) is caused by the arthropod-borne EEE
virus that is reservoired in passerine birds (enzootic hosts) by ornithophagic mosquitoes
(enzootic vector) and is transmitted to humans and horses (dead end hosts) by generalist¬
feeding mosquitoes (epidemic vector) that feed on both birds and large mammals. EEE
virus has caused documented epidemics in humans and horses in North America since
1831, although it may have been present in the endemic avian cycle before 1831 (Hanson
1958). EEE virus was first isolated from horses in 1933 (Giltener & Shahan 1933, Ten
Broeck & Merrill 1935) and from passarine birds in 1950 (Kissling et al. 1951), although
birds had been considered potential reservoirs for EEE virus since 1935 (Ten Broeck
1938). The first human case was confirmed by virus isolation from the brain of a child in
Massachusetts in 1938 (Howitt 1938, Fothergill et al. 1938).
EEE virus is in the family Togaviridae, genus Alphavirus. It consists of a single
strand of RNA, approximately 11,000 nucleotides in length, inside an icosahedral
nucleocapsid surrounded by a lipid bilayer (Scott et al. 1994). It is related to but different
in its antigenicity and virulence from Highlands J (HJ) virus. HJ virus is sympatric with
EEE virus and is a member of the western equine encephalitis (WEE) complex (Morris
1988).
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In humans, the consequences of EEE virus infection depend on the age and on the
presence of neural infection in the individual (Hurst 1950). Illness may be divided into
two forms: systemic and encephalitic. If the disease is systemic then there is no
involvement of the central nervous system (CNS) and it will manifest itself abruptly by
malaise, arthralgia, and myalgia. Maximum temperatures can reach from 100 to 104°F.
The illness lasts from 1 to 2 weeks with complete recovery (Clark 1961).
In the encephalitic form of EEE, fever may be as high as 102 to 106.4°F.
Symptoms include irritability, restlessness, drowsiness, anorexia, vomiting, diarrhea,
headache, cyanosis, convulsion, neck rigidity, coma and death (Ayres 1949, Clark 1961).
Mortality rates were near 70% during the early epidemics. Nearly all individuals that
recovered had progressive mental and physical sequelae (Webster 1956). Total mortality
nine years after the initial infection was shown to be 90% (Ayres 1949). Mortality in
more recent epidemics has varied between 30 and 50% (Edman et al. 1993).
EEE in humans is a rare disease. There have been only a few epidemic episodes
in Massachusetts in the 20th century with a total of 74 cases. Edman et al. (1993)
%

reported 72 human cases but, there have been 2 additional cases since that publication
appeared. Nevertheless, the case fatality rate, neurological sequelae and economic burden
imposed by EEE virus makes it the most serious form of arthropod-borne encephalitis in
North America (Villari et al. 1995).
There have been 5 major episodes of EEE in Massachusetts. Epidemics tend to
occur in multiple years (2-3 years) with 8-10 year intervals in-between. The documented
history of EEE in Massachusetts began in 1938 with an epidemic that affected 34 humans
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and almost 300 horses (Figure 1.1). Minor outbreaks in horses occurred in following
years, but it was not until 1955-56 when humans were again affected. Twelve human
cases and 85 horse cases occurred in these two years combined. The late 1950’s and
1960’s spared humans from EEE and horse cases where uncommon. Then in the early
1970’s a third epidemic episode surfaced. This outbreak affected over 130 horses and 7
humans. After this episode, horse vaccines became available to horse owners and since
then the number of horse cases has greatly diminished. The next two epidemic episodes
in the 1980’s and early 1990’s both lasted for 3 years and affected 13 people (Edman et
al. 1993). Since then there have been only 2 human cases in Massachusetts
(Massachusetts Department of Health); one in 1995, the other in 1997. The average
number of human cases per epidemic has gone down in comparison to the initial 1938
outbreak but otherwise has not varied greatly during epidemic episodes in this century.
To date 74 human cases have been reported with 45 deaths (61%). There have been 630
horse cases in Massachusetts, with a case fatality rate of 83% (Hayes 1981).

3

Figure 1.1. Number of human and horse EEE cases in Massachusetts from 1938 to 1992.

During the 1938 outbreak, most of the horse cases occurred in the southeast
comer of the Commonwealth. Cases were concentrated in Bristol, Plymouth, Norfolk,
Middlesex and Suffolk counties (Figure 1.2). The 1955-56 epidemic was mostly focused
in Plymouth, Bristol, Norfolk and Middlesex counties (Figure 1.3). Most of the same
counties were involved during the 1970-73 epidemic (Figure 1.4). Suburban
development may have played a role in reducing risk since the 1950’s in Suffolk county
(a small county encompassing Boston and its suburbs). Unlike the other maps, Figure 4
only shows the location of confirmed cases rather than both confirmed and suspected
cases. This continues to be the geographic distribution of EEE cases since the 1970’s; an
exception being the 1995 case which occurred in Springfield, Massachusetts.

4

5

Department of Public Health State Laboratory Files).

E
£
o

c3
03

Q
C/3
4—>
4—»

<d
c/3

3

-G

o
03
C/3
C/3

03
s
VO

vo
o
i

VO

On

O

.Ui
<4-4
on

<D
C/3

03
CJ

/—v

c/3
<D

3
O

DO
CJ -G
4—1
T3
G
03
T3
CL)

3
<d

CJ

4—1

o 3
<D
3

a. q_

C/3

3

^
<4-4

1/3

o

<4-1

4—1

o

G
(D

G
O
4—>

3
'G
4—1
C/3
•

E
f
04

<D
a

Q

C/3
4—>
4—1

•
rn
—_j

C/3

<D

3
JC
CJ

<D
i—

3
&Q
Uh

6

03

C/3
C/3

03

s

7

Enzootic Vectors of EEE Virus
Culiseta melanura is the principal mosquito species responsible for the
maintenance and epizootic amplification of EEE virus in native and exotic birds in
Massachusetts (Edman et al. 1993). It has been considered the most important enzootic
vector due to its nocturnal sylvan relationship with roosting birds, confirmed dominant
feeding on passarine birds and isolation of EEE virus (Chamberlain et al. 1958). Isolates
of EEE virus have been found in other bird-feeding species such as Culiseta morsitans,
Culex restuans, and Culex pipiens. These species also may play a secondary role in
enzootic and/or epizootic transmission (Edman et al. 1993).
Culiseta melanura is capable of transmitting virus as early as 3 days after taking
an infectious blood meal from a chick (Scott & Burrage 1984). It maintains EEE virus
among wild birds in permanent swamps surrounded by hardwood forest (Morris 1988).
The larval habitats of Cs. melanura along the Eastern and Gulf Coasts of the United
States have been described as being comprised of muck-peat soil in acid swamp forests
dominanted by hardwood (Morris 1988). In the northern range of the virus
(Massachusetts, New York and Michigan) the indicator species of trees are red maple,
cedar and hornbeam. In the southern range (New Jersey south to Florida) the key species
are red maple, cedar, cypress and loblolly bay (Moussa et al. 1966, Morris et al. 1980,
Pierson & Morris 1982). Joseph & Bickley (1969) described the larval habitat of Cs.
melanura in great detail. According to these authors, larval habitat can be characterized
by red maple and white cedar stands which contain shaded, cold pools within tree
blowouts, the base of trees and natural depressions in sphagnum bogs. Also spring-fed
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acidic pools that are surrounded by water hemlock and cypress provide a suitable habitat
for larvae. Overwintering larvae pupate early in the spring and adults begin to emerge in
late May (Morris 1988). A second generation occurs in late June to early July. This
second generation is assumed to be the offspring of the first, however Joseph & Bickley
(1969) suggested that these two generation may be physiologically distinct. A third
generation appears in August (Nasci 1981).
The resting and foraging habitats of Cs. melanura are the wooded swamps in
which it develops as well as adjacent upland hardwood forest. Culiseta melanura is
almost exclusively ornithophilic making it an ideal vector for the maintenance and
amplification of EEE virus in the bird population. Over 90% typically feed on
passeriformes although they do occasionally feed on reptiles (Morris et al. 1980, Nasci &
Edman 1981, Templis 1974, Edman et al. 1972, Crans 1964, Joseph & Bickley 1969).

Putative Epidemic Vectors
Mosquitoes were first incriminated as potential vectors of EEE virus in 1934
(Merril et al. 1934). Since the 1930s a variety of studies demonstrated that species in the
genera Aedes, Culex, and Coquillettidia can transmit EEE virus in the laboratory (Davis
1940, Ten Broeck et al. 1935, Chamberlain et al. 1954, Jaynes et al. 1962, Boromisa et
al. 1987). The first isolation of EEE virus from an arthropod was in 1947 when it was
isolated from the chicken mite, Dermanyssus gallinae (De Geer) and the chicken louse,
Eomenacanthus stramineus (Nitzsch) (Howitt et al. 1948). The first field isolation of
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EEE virus from a mosquito was from Coquillettidia perturbans in 1949 (Howitt et al.
1949).
Culiseta melanura has long been considered the principal vector in the avian

transmission cycle of EEE virus due in large part to the many isolations of virus from this
species (Chamberlain et al 1951, Holden et al 1954, Burbutis et al 1957, Chamberlain
etal 1958, Feemster et al 1958, Wallis 1959, Chamberlain 1960, Hayes 1961a,

Chamberlain et al 1969, LeDuc et al 1972). However, this species has a strong feeding
preference for birds and is, therefore, not considered a suitable epidemic vector (Hayes
1961b, Nasci & Edman 1981).
EEE Virus isolations also have been made from the following mosquito species in
North America (Morris 1988): Aedes albopictus, Ae. atlanticus-tormentor, Ae.
canadensis, Ae. cantator, Ae. infirmatus, Ae. mitchellae, Ae. sollicitans, Ae. triseriatus,
Ae. vexans. Anopheles crucians, An. quadrimaculatus, An. punctipennis, Culex
nigripalpus, Cx. pipiens, Cx. restuans, Cx. salinarius, Cx. territans, Culiseta minnesotae,
Cs. morsitans, Coquillettidia perturbans, and Uranotaenia sapphirrina. Scott et al.

(1989) list virus isolations from the following additional mosquito species: Ae.fulvuspallens, Ae. stimulans-complex, Ae. stricticus, Ae. taeniorhynchus, and Cx. taeniopus.

In Massachusetts virus isolations have been made from Ae. canadensis, Cq.
perturbans, Cx. restuans and Cs. morsitans in addition to Cs. melanura (Edman et al.

1993). The following species are thought to be potential epidemic vectors (capable of
serving as a transmission bridge from bird to human and horse populations) in
Massachusetts due to their field prevalence prior to horse cases, flight range overlap with
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host habitat, generalist feeding patterns, virus isolation in the field, and vector
competence in the laboratory: Cq. perturbans, Ae. canadensis, Ae. vexans, Cx.
salinarius, An. quadrimaculatus and An. punctipennis.

Aedes canadensis (Theobald)
Aedes canadensis develops in temporary woodland pools that are flooded by

melting snow or heavy rainfall. As a result of periodic flooding multiple generations of
Ae. canadensis can appear, normally in the spring and often again in mid-late summer.

Adult females rest in moist, shaded habitats during the day and host seek at twilight.
Females stay close to the forest edge when host seeking in open areas (Edman et al.
1993). They feed mainly on a wide range of mammals at the forest ecotone. Adult
resting and larval sites of Ae. canadensis are often in close association with the
permanent swampland habitat of Culiseta melanura (Carpenter et al. 1946, Main et al.
1968).
Aedes canadensis in EEE foci in southeastern Massachusetts have been shown to

feed on horses, rabbits, pigs, and bovines, in addition to humans (Nasci & Edman 1981).
In Maryland, Ae. canadensis has been documented to feed on ruminants, raccoons, rabbits
and passerine birds (LeDuc et al. 1972). In Connecticut, blood meals from this species
were obtained from dogs, squirrels, sheep, humans, passerine birds and frogs (Magnarelli
1977). Blood meals from rabbits, rodents, bats, blue jays, bobwhite quail, sparrows,
starlings, snakes, turtles and frogs have been identified from Ae. canadensis in New York
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(Means 1968). In New Jersey and North Carolina, turtle blood has been identified in
specimens of Ae. canadensis (Crans & Rockel 1968, Irby & Apperson 1988).
EEE virus has been isolated from Ae. canadensis mosquitoes in Massachusetts
(Grady et al. 1978). Additionally, Ae. canadensis was the most competent vector for EEE
virus of six putative epidemic species tested (13% transmission rate) from Massachusetts
(Vaidyanathan et al. 1997).

Aedes vexans (Meigen)
Aedes vexans is a multivoltine summer floodwater mosquito. It develops where

there are depressions in alluvial soils (grassy swales) that are subject to cycles of flooding
from heavy rainfall during the year (Horsefall et al. 1973). Specifically this species is
produced in floodplains of streams and rivers, margins of impoundments and in grassy
depressions such as roadside or irrigation ditches and tire tracks. In North America, Ae.
vexans populations are especially high in areas where the retreat of the last continental

glacier created uneven topography (Horsefall et al. 1973) and where human activity has
disrupted natural drainage. Hatching of larvae is dependent on flooding and is therefore
variable from year to year and from site to site. Although varying locally and annually,
adults emerge from mid-June to mid-September, usually peaking in July (Horsefall et al.
1973).
Like Ae. canadensis, Ae. vexans rests in damp, wooded habitats by day and is a
crepuscular biter. Unlike Ae. canadensis, Ae. vexans tends to feed in open areas further
away from its forest resting grounds (Edman et al. 1993).
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During the 1938 outbreak in Massachusetts, Ae. vexans was the most abundant
mosquito species found during late August to mid-September when the outbreak reached
its peak as well as in locations where the disease was present (Getting 1941). It was also
abundant during the 1959 New Jersey epizootic (Hays et al. 1962a).
Aedes vexans has been shown to feed on horses, rodents, rabbits, pigs, and
bovines in EEE endemic foci in southeastern Massachusetts (Nasci & Edman 1981).
They have also been shown to take multiple blood meals which increases their potential
to infect different hosts (Edman & Downe 1964, Magnarelli et al. 1977, Suyemoto et al.
1973). Burkot & DeFoliart (1982) identified 99.2% of bloodmeals taken by Ae. vexans in
southern Wisconsin as originating from mammals (94% from deer), while only 0.5%
were from birds. Cupp & Stokes (1973) found that in Louisiana 92% of Ae. vexans fed
on mammals, while 8% fed on birds. In a freshwater Florida marshland Edman (1971)
identified 99.8% of Ae. vexans mosquitoes feeding on mammals and 0.2% on birds.
Magnarelli (1977) found that in Connecticut 96.7% of bloodmeals tested from Ae. vexans
contained mammalian blood, while 3.2% of them contained avian blood. In Iowa 96.3%
of identifiable Ae. vexans bloodmeals were from mammals (2.8% from horses and 12 %
from humans), while 3.7% were from birds (Ritchie & Rowley 1981). All 111 Ae. vexans
mosquitoes tested by Suyemoto et al. (1973) contained only mammalian blood in their
midguts (13% having fed on horses). Murphy et al. (1967) found that a higher proportion
of mammals than birds were fed upon by Ae. vexans. Passarine and ciconiiform birds
were fed upon in this study.
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In 1954, Chamberlain et al. conducted transmission experiments on various
mosquito species and found Ae. vexans to be a fair transmitter of EEE virus with a 13%
transmission rate. One individual was able to transmit virus out of 8 that refed on
chickens. More recent studies showed Ae. vexans to be incompetent for EEE virus
(Vaidyanathan et al., 1997) but sample sizes were again small (8 specimens 7 days post
extrinsic incubation (El) and 1 specimen 14 days El).
Isolates of EEE virus in naturally infected populations of Ae. vexans have been
found in Alabama, Connecticut, Florida, Georgia and New Jersey (Sudia et al. 1968,
Wallis et al. 1960, Wellings et al. 1972, Chamberlain et al. 1969, Kandle 1960).
Isolation of virus in field caught mosquitoes is an indication of that mosquitoes feed on
viremic animals. The isolation of the virus from mosquito populations in neighboring
New England states alludes to the potential role of Ae. vexans in EEE virus transmission
in Massachusetts.

Coquillettidia perturbans (Walker)
Coquillettidia perturbans mosquitoes overwinter as late instar larvae in cattail and
water willow ponds and typically emerge from mid June to early July. Cattail ponds are
common in and around the freshwater swamps of eastern Massachusetts where there has
been deforestation and artificial disruption of natural drainage systems. Larvae are
typically found in the benthic zone which is low in oxygen and pH while high in organic
detritus (Morris et al. 1990). This niche has been exploited by Cq. perturbans larvae
through their ability to obtain oxygen by piercing the roots of certain aquatic plants with a
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modified siphon. Larvae can develop attached to the roots of cattail (Typha latifolia),
sedges (Carex spp.), water lettuce (Pistai stratiotes), water willow or swamp loosestrife
{Decodon verticillata), arrow arum (Peltandra virginica), and maidencain (Panicum
hemitomori) (Morris et al. 1990, Olds et al. 1989, Lounibus & Escher 1985, Slaff &
Haefner 1985).
Adult populations begin to appear in early June and become significantly reduced
after mid-August although some may still be found in September (Massachusetts
Department of Public Health State Lab Files). Females host seek in the early evening and
in the early morning (Trueman & Mclver 1986).
Coquillettidia perturbans females are strong fliers and can move long distances
from their larval habitats (Carpenter & LaCasse 1974). Females have been shown to feed
on horses, humans, dogs, and bovines in EEE foci in southeastern Massachusetts (Nasci
& Edman 1981). In Florida freshwater marshes the bloodmeals of Cq. perturbans were
observed to be derived from avian hosts (including passerine birds) about 9% of the time.
Mammals such as ruminants, armadillos, raccoons, opossum, equines, mustelids, and
rodents were fed on the most (Edman 1971). In woodland habitats of Connecticut,
Magnarelli (1977) observed that 38% of of Cq. perturbans blood meals were from
passerine birds; the remaining 62% came from mammals, including humans, dogs,
bovines, rabbits and raccoons. Murphy et al. (1967) also reported a greater feeding
preference for mammals, although passarines and ciconiiforms were also fed upon by Cq.
perturbans females.
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Chamberlain et al. (1954) found Cq. perturbans to exhibit a 20% transmission
rate out of a sample size of 40 infected individuals that refed on chicks. Lower
transmission rates of 7% were reported by Boromisa et al. (1987) and 4% by
Vaidyanathan et al. (1997).
Isolates of EEE virus in naturally infected populations of Cq. perturbans have
been found in Alabama, Florida, Georgia, New Jersey, New York, Massachusetts and
Ohio (Sudia et al 1968, Wellings et al. 1972, Howitt et al. 1949, Crans & Schulze 1986,
Srihongse et al. 1978, Edman et al. 1993, Nasci et al. 1993).

Anopheles punctipennis (Say) and Anopheles quadrimaculatus s. I Sav
Anopheles quadrimaculatus s. /., the mosquito species most responsible for
malaria transmission in the United States until the 1940’s (Boyd 1949), is distributed
throughout the eastern half of the United States and Canada. Anopheles punctipennis also
occurs in the eastern and central United States. In general, both species develop in
freshwater canals, permanent ponds and marshes or lake borders with emergent
vegetation or floating debris on the surface (Carpenter et al. 1946). An. quadrimaculatus
species A larvae are more abundant in the mats of floating and emergent vegetation that
occur in outflow areas of springs; species B is more prevalent in shallow ponds
surrounded by cypress near woodlands; and species C\ develops in intermittently flooded
swamps (Jensen et al. 1996).
Both An. quadrimaculatus and An. punctipennis are multigenerational and
overwinter as adults. New adults begin to emerge in June, peaking from mid-July to
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September. Both species host seek throughout the night but have peak flight activity
during evening and morning twilight periods (Edman & Bidlingmayer 1969). Anopheles
quadrimaculatus s. 1. females can disperse an average of 1.84 km and up to 2.72 km from
their release site in just 1 day (Weathersbee & Meisch 1990).
In EEE enzootic foci in southeastern Massachusetts, An. quadrimaculatus s. 1.
was found to feed on horses, rabbits, pigs, dogs and bovines (Nasci & Edman 1981). In
the same study, only two An. punctipennis were tested; one had a bloodmeal from a horse
and the other from a bovine. Edman (1971) identified blood meals from An.
quadrimaculatus s. 1. mosquitoes from ruminants, rabbits, armadillos and raccoons but
none from avian hosts. Apperson & Lanzaro (1991) and Suyemoto et al. (1973) also
identified only mammalian bloodmeals from An. quadrimaculatus s. /.. Tempelis (1974)
identified the bloodmeals of An. punctipennis from cattle and horses. Murphy et al.
(1967) reported An. punctipennis feeding predominantly on mammals, however bird
feeding was influenced by host availability. Other investigators have identified 12%
(Cupp & Stokes 1973) and 1% (Schaefer & Steelman 1969) of An. quadrimaculatus s. 1.
with avian blood meals.
Although both Anopheles species feed on animals that are potentially infected,
isolation of the EEE virus from these species is rare (Edman et al. 1993). There have
been EEE virus isolations from An. quadrimaculatus in New York (Ninivaggi & Guirgis
1994) and Delaware (Vaidyanathan 1996 cites C. Stachecki, Delaware Division of Fish
and Wildlife). Chamberlain et al. (1954) did not find An. quadrimaculatus capable of
transmitting EEE virus 13 days after virus incubation even though there was a 79%
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infection rate and 31 infected individuals refed on chicks. Collins et al. (1965) reported a
10% transmission rate by An. quadrimaculatus 10 days after infection. Vaidyanathan et
al (1997) found An. quadrimaculatus to have a 20% transmission rate. Davis (1940) did

not observe any transmission of the virus by An. punctipennis even though “virus persists
in insect for several weeks.” Other studies agree with these findings (Merrill et al. 1934,
Ten Broeck & Merril 1935, Chamberlain et al. 1954, Vaidynathan et al. 1997).

Culex salinarius Coquillett
Culex salinarius is found in southeastern Canada and in the eastern United States

as far west as Utah (Carpenter & LaCasse 1974). Cx. salinarius overwinters as adults,
develops in permanent fresh vegetated waters, much like Anopheles spp., and produces
several generations per year (Main et al. 1968).
Culex salinarius has been shown to disperse up to 2 km within 1.5 hours after

release (Lasalle & Dakin 1982). Peak flight activity is in the early evening.
Some investigators have found low percentages of this species feeding on birds
(Edman & Downe 1964, Schaefer & Steelman 1969, Suyemoto et al. 1973, Irby &
Apperson 1988). Others have found a relatively equal feeding on birds and mammals or
greater feeding on mammals (Edman 1974, Leduc et al. 1972, Tempelis 1974, Hayes
1961b, Cupp & Stokes 1973, Murphy et al. 1967). Murphy et al. (1967) showed that Cx.
salinarius fed equally on birds and mammals but not on reptiles. Of all the vectors

considered in this dissertation, except for Ae. canadensis which was not treated by
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Murphy et al. (1967), Cx. salinarius was found to be the most ornithophagic while still
feeding significantly on mammals.
EEE virus isolates have been made from Cx. salinarius collected in Alabama
(Sudia et al. 1968), Florida (Wellings et al. 1972), New Jersey (Sudia et al. 1956,
Chamberlain et al. 1958), and Maryland (Muul et al. 1975). Culex salinarius was not
found to be a competent vector of EEE virus by Chamberlain et al. (1954) and Davis
(1940) but Vaidyanathan et al. (1997) obtained a 10% transmission rate with specimens
from Massachusetts.

Sampling Methods
Aedes canadensis (Hayes 1962, Howard et al. 1988), Ae. vexans (Buckley et al.
1994), Cq. perturbans (Buckely et al. 1994, Kline et al. 1991a, Schreck et al. 1972), An.
quadrimaculatus (Newhouse et al. 1966) and Cx. salinarius (Carestia & Savage 1967,
Shreck et al. 1972) are abundant in CC>2-baited light traps. Carbon dioxide was first
reported as an attractant to female mosquitoes by Rudolfs (1922) and Reeves (1951).
Carbon dioxide activates flight in resting females, increases the duration of host seeking,
and enhances host orientation (Gillies 1980).
Human-baited collections directly measure the population density of
anthropophagic mosquitoes (Service 1993). For long term trapping, this approach is
inconvenient, time consuming, difficult to standardize and may expose the collector to
unnecessary health risk (Vaidyanathan & Edman 1997).
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Carbon dioxide baited American Biophysics (ABC) light traps have been
compared to human biting collections to evaluate how effectively these traps reflect
human biting risk (Vaidyanathan & Edman 1997). Carbon dioxide baited ABC light
traps were found to be able to predict 60-70% of the actual human biting risk by Aedes,
Anopheles, and Cq. perturbans. No single trapping method in this study could accurately
predict human biting risk by Cx. salinarius, however, the numbers from C02-baited ABC
traps and human biting collections were not significantly different.

GIS and Remote Sensing in Landscape Epidemiology
Geographic Information System (GIS) Technology allows the examination of
remotely sensed landscape elements that relate to vector abundance, and therefore
transmission risk. This technology has been used recently to answer epidemiologically
relevant questions in a variety of arthropod-borne disease systems (Beck et al. 1994,
Omumbo et al. 1998, Dister et al. 1997, Linthicum et al. 1987, Rogers & Randolph
1991, Randolph 1993, Gleiser et al. 1997). Transitional swamps and unmanaged pastures
have been identified via remote sensing and GIS as landscape features important in
determining the abundance of Anopheles albimanus, an important malaria vector in
southern Chiapas, Mexico (Beck et al. 1994). Parasitological, demographic, geographical
and climatic data in a GIS platform have been used to map malaria intensity in Kenya
(Omumbo et al. 1998).
The use of satellite imagery to monitor changes in vegetation and consequently
changes in climatic conditions and the seasonal abundance of the African tick
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Rhipicephalus appendiculatus Neumann has been assessed in southern Africa (Randolph

1993). Dister et al. (1997) showed the efficiency of a remote sensing/GIS-based
approach for identifying peridomestic risk of Lyme disease in Westchester County, New
York. Fine landscape differences among high risk vs. low risk communities and
individual properties were determined via remote sensing.
Data from meteorological satellites have been correlated with the mortality rate
and abundance of tsetse flies in Africa (Rogers et al. 1991). In Kenya, meteorological
satellites have been used to identify ecological parameters associated with transmission of
Rift Valley Fever (Linthicum et al. 1987). In central Argentina, larval, pupal and adult
stages of floodwater Aedes albifasciatus, the main vector for western equine encephalitis,
have been monitored successfully by remotely sensed data (Gleiser et al. 1997).

Adverse Effects of Arboviruses on Mosquitoes
Prior to this dissertation there have been no published reports of differences in
laboratory longevity of EEE virus infected mosquitoes. Indeed, in the case of mosquitoborne viruses no significant reduction of survivorship was identified in experiments
conducted in the 1960s with Cx. pipiens infected with Japanese B encephalitis or Ae.
aegypti infected with Semliki Forest virus (LaMotte 1960, Mims et al. 1966).

This view of the benign nature of arboviruses in their intermediate hosts began to
be challenged when it was discovered that the salivary glands of Aedes aegypti
degenerated when infected with Semliki Forest virus (Mims et al. 1966). Since then
investigators have reported changes in salivary gland morphology in mosquitoes infected
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with dengue virus, Japanese encephalitis virus, and St. Louis encephalitis virus (Copeland
1981, Sriurairatna & Bhamarapravati 1977, Takahashi & Suzuki 1979, Whitefield et al.
1973).
Morphological changes in the midgut epithelium have been observed in Aedes
dorsalis and Cx. tarsalis infected with western equine encephalitis virus and Culiseta
melanura infected with eastern equine encephalitis (EEE) virus (Houk et al, 1985,

Weaver et al. 1992, Weaver et al. 1988). Arboviruses also have been shown to adversely
affect the blood-feeding behavior, fecundity, and development of mosquitoes (Grimstad
et al. 1980, Turell et al. 1985, Tesh 1980, Beaty et al. 1980, Turell et al. 1982).

A decade ago investigators reported for the first time evidence of an arbovirus
adversely affecting the survivorship of an epizootic mosquito vector (Faran et al. 1987).
Turell (1992) found reduction in survival of pupae and pharate adults that were infected
as larvae with Rift Valley fever, eastern equine encephalitis or chikungunya virus.
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CHAPTER 2
INAPPARENT EEE VIRUS INFECTION RATE IN EEE
TRANSMISSION FOCI IN SOUTHEASTERN MASSACHUSETTS
Introduction
Southeastern Massachusetts has been the site of well documented epidemics of
eastern equine encephalomyelitis (EEE) virus since 1938 (Edman et al 1993). A total of
74 human cases with 45 deaths and 630 horse cases have been confirmed in
Massachusetts this century (Massachusetts Department of Health, State Laboratory Files).
Most of these cases occurred in the 1938 outbreak. Human cases have always been fewer
in comparison to horse cases (Edman et al. 1993) but horse cases have been significantly
reduced since the 1970’s due in large part to the availability of a vaccine. There have
been several years between epidemic episodes in which there was no EEE disease in the
human population.
Isolation of EEE virus from field caught mosquitoes (esp. Cs. melanura) is
usually seen every year even when no human or horse cases are evident. The presence of
virus in mosquito populations even in years where there are no clinical cases suggests that
there is a potential for transmission during those years. There may in fact be inapparent
infections in the human population that go undetected because no overt symptoms or only
mild symptoms are present. It is generally understood that for every viral infection that
results in clinical disease there are a greater number that do not manifest apparent
symptoms. Inapparent infection can be a good indicator of transmission since protective
antibodies that result from such an infection can be detected for years after transmission
took place.
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After the 1938 epidemic in Massachusetts, 114 residents of epidemic areas in
Massachusetts were tested for the presence of antibodies to EEE virus. None of these
individuals were found to be positive, albeit tests may not have been as sensitive as they
are today. Since then there have been several epidemic episodes in eastern Massachusetts
(Edman et al. 1993). I conducted a serosurvey to obtain a recent inapparent infection rate
for areas with a known history of EEE transmission. Additionally, the spatial location of
subclinically infected individuals in reference to past human and horse cases or virus
isolations from mosquitoes could aid in determining the pattern of EEE transmission in
eastern Massachusetts, e.g. whether transmission is random or localized within the
broadly recognized endemic region.

Materials and Methods
Selection of Study Areas
The areas chosen for this study were based on historical records of case
occurrence as well as EEE virus isolates in mosquitoes (data from the State Laboratory of
the Massachusetts Department of Public Health and the Massachusetts State Veterinarian
files). Case families and horse owners were interviewed to confirm the location and date
of each case (Table 2.1). Human cases, horse cases and virus isolates from 1982-1993
were located on a USGS 1:25,000 datalayer (Figure 2.1). This map served to better
visualize if clustering of the three indicators was evident and to determine the
neighborhoods I would serosurvey. Table 2.2 contains a list of virus isolations since
1982 according to where they were found.
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Figure 2.1. EEE human and horse cases and virus isolates from 1982-1993 in
southeastern Massachusetts.
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Town
Brockton
Canton
Carver
Easton
Halifax
Hanovor
Lakeville
New Bedford
Raynham
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Westport
Wenham
Walpole
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Table 2.1. EEE virus isolates from mosquito pools in Massachusetts from 1982 to 1993. All isolates were from
Cs. melanura unless otherwise indicated. (Data from State Laboratory, Massachusetts Department of Public Health).
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Total

Table 2.2. Town, host type and date of onset of EEE symptoms
for cases from 1982 to 1990.
Town
Norton
NW Middleboro
NE Middleboro
S Middleboro
Lakeville
Rochester
Onset
Wareham
S Kingston
N Kingston
Pembroke
Abington
Whitman
Brockton
Bridgewater

Host
human
horse
horse
horse
human
horse
horse
human
horse
human
horse
horse
horse
horse
human

Date of onset
4-Aug, 1983
13-Aug, 1990
13-Aug, 1990
13-Aug, 1990
12-Aug, 1983
24-Aug, 1990
29-Jul, 1990
3-Aug, 1990
20-Aug, 1982
29-Aug, 1990
20-Aug, 1990
22-Aug, 1990
16-Aug, 1990
31-Jul, 1990
7-Aug, 1990

Blood Samples
Human blood samples were obtained near 5 case sites. Case sites were chosen
from the towns of Kingston (2 cases), Middleboro (2 cases), and Whitman (1 case) in
Plymouth County. A total of 150 people were sampled: 56 from Kingston, 63 from
Middleboro and 31 from Whitman. Blood samples were collected via finger stick. Blood
was drawn into serum separator capillary tubes and centrifuged with a portable centrifuge
within 1 hr of collection. Tubes were kept in an ice filled cooler while in the field and
then refrigerated until sent cold to the CDC in Fort Collins to be tested for the presence of
IgM and IgG antibodies. The presence of IgM antibodies is evidence of a recent infection
(within a few months) while IgG antibodies are evidence of an older infection. One
hundred control blood samples were obtained at random from a Plymouth County
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hospital and tested for the presence of these same antibodies. These samples were
randomly chosen from daily collections made by the hospital for other purposes. Town
residences of the donors were noted to assure they were Plymouth county residents but
identities remained anonymous.

IgM Capture ELISA
Ninety-six well plates were coated with 75 microliters per well of goat anti-human
IgM diluted 1:1000 in carbonate buffer, pH 9.6 and incubated overnight. The plates were
then washed in a microplate washer 5 times with 0.05% Tween 20 PBS (wash buffer).
Plates were blocked with 5% milk in 0.5% Tween 20 PBS (blocking buffer), covered and
incubated at room temperature for 30 minutes. The wash step was then repeated. Patient
serum was diluted 1:400 in 0.05% Tween 20 PBS and added to wells at 50 |il per well.
Plates were incubated for 1 hour at 37°C. A positive control and three different normal
human sera diluted 1:400 were included. The wash step was again repeated. Each well
then received a diluted (in wash buffer) sucrose-acetone extracted suckling mouse brain
antigen. This was added to three wells of the triplicate set. Diluted mouse brain was
added to the other three wells of the triplicate set. These were incubated overnight at
4°C. The wash step was repeated the next day.
Horseradish peroxidase conjugated monoclonal antibody was added for the
appropriate antigenic group and incubated for 1 hour at 37°C. The wash step was then
repeated 10 times. Tetramethyl benzanine substrate was added to all wells at room
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temperature, covered to block out light and incubated at room temperature for 10
minutes. Each well then received 50 pi of 1 N H2S04.
P/N values were calculated as follows:

Average OP reading of patient’s serum plus antigen £P)
Average OD reading of normal human serum plus antigen (N)
For a sample to be considered positive, the numerator (P) must be twice the
denominator (N) (CDC, Fort Collins).

IgG ELISA
Immulon II plates were coated with 0.015M carbonate-0.35M bicarbonate buffer
(1.59 g Na2CC>3, 2.93 g NaHCCb) containing the EEE virus monoclonal antibody. Plates
were washed 5 times with 0.05% Tween 20 PBS (wash buffer). Plates were blocked with
5% milk 0.5% Tween 20 PBS (blocking buffer), covered and incubated at room
temperature for 30 minutes. The wash step was then repeated.
Mouse brain antigen was extracted with sucrose acetone and diluted. Fifty
microliters of this antigen were added per well to three of six wells used as a triplicate set.
The other three wells received normal antigen (uninfected sucrose-acetone extracted
suckling mouse brain that was similarly diluted). Plates were incubated overnight at 4°C.
The wash step was again repeated.
Patient’s serum was diluted 1:400 in wash buffer. Fifty microliters were added
per well to all 6 wells of the triplicate set and incubated at 37°C for 1 hour. A positive
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control human serum diluted according to previous titration and a normal human serum
diluted 1:400 were added. The wash step was repeated.
Alkaline-phosphatase conjugated goat antihuman IgG was diluted 1:2000 in
blocking buffer. Fifty microliters were added to all wells and these were incubated at
37°C for 1 hour; plates were then washed 10 times in wash buffer.
Three tablets of alkaline phosphatase substrate (Sigma 104) were dissolved in 5
ml 1 Tris, pH 8.0 to effect a 3 mg/ml solution; 75 pi of this were added to all wells.
Plates were read in a microplate reader at 405 nm. Patient’s P/N values were calculated
as described above in the IgM antibody capture ELISA.

Results
Indicator Clustering
Figure 1 illustrates the clustering pattern of some of the cases and virus isolates
from field caught mosquitoes in southeastern Massachusetts. Indicator clustering was
observed in several cases especially in the towns of Kingston (where all three indicators
occurred within a kilometer of each other), Middleboro (with two horse cases < 1km
apart and a horse case and virus isolate < 1km from each other), and Whitman (with a
horse case and virus isolate less than a kilometer apart). These three towns, therefore,
were chosen for blood sampling.

Blood Samples
Out of 150 individuals sampled in case neighborhoods I was able to identify via
IgG ELISA the presence of IgG antibodies to EEE virus in one individual in Kingston,
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MA (Table 2.3). Of the 56 samples obtained from Kingston, two had a high background
that made them uninterpretable. The infected individual in the experimental group lived
less than 10 meters away from where a case had occurred in 1990. This individual was
not recently infected since no IgM antibodies were detected. The inapparent infection
rate in neighborhoods in Kingston with a history of EEE virus is therefore considered to
be 1:54 or 1.85%. One individual in Kingston had IgM P/N ratio of 2.16, however, this
result was not duplicated with a subsequent neutralization test (control = 640, sample #48
= <5).
Of the 63 human serum samples from Middleboro, none of the results were
positive for either IgM or IgG antibodies to EEE virus (Table 2.4). There were a total of
6 samples where IgG ELISA tests were uninterpretable due to high background or
insufficient quantity of serum (QNS). None of the Whitman samples showed positive
IgM or IgG ELISA tests (Table 2.5). Of these samples there were 6 that demonstrated a
high background during IgG ELISA.
There were a total of 136 serum samples that were successfully tested for IgG
against EEE virus out of the 150 blood samples from neighborhoods with historic cases
of EEE. Therefore, in the entire study area, 1 out of 136 or 0.74% of the people living in
case neighborhoods demonstrated inapparent infection with EEE virus.
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Table 2.3. Results of IgM and IgG ELISAs for serum samples (n=56) collected from two
neighborhoods with historic cases of EEE in Kingston, MA.
Specimen
number
1

EEE IgM P/N
Ratio
0.88

EEE IgG P/N
Ratio
0.67

Specimen number
30

EEE IgM P/N
Ratio
0.96

EEE IgG P/N
Ratio
0.57

2

1.18

0.55

31

0.96

0.76

3

0.95

0.99

32

1.00

0.82

4

0.86

2.16*

33

1.35

0.82

5

1.07

0.76

34

1.50

1.33

6

1.09

1.05

35

1.21

0.93

7

1.10

0.74

36

1.18

0.75

8

1.01

0.76

37

1.19

1.13

9

1.27

1.05

38

1.42

0.91

10

2.19*

0.90

39

1.33

0.48

11

1.16

0.84

40

1.28

0.72

12

1.07

0.86

41

1.40

1.06

13

1.08

0.54

42

1.60

0.82

14

1.07

0.70

43

2.16*

1.73

15

1.15

0.50

44

2.56*

1.24

16

1.06

0.64

45

1.81

0.69

17

1.47

1.37

46

2.01*

1.00

18

1.44

0.48

47

1.74

1.03

19

1.23

0.69

48

2.16

2.19*

20

1.19

0.62

49

1.29

0.47

21

1.15

3.93

50

1.16

0.60

22

1.05

0.42

51

1.10

0.58

23

0.98

0.42

52

0.97

0.83

24

1.00

0.41

53

0.97

0.59

25

1.35

0.82

54

0.87

0.69

26

1.70

0.94

55

0.92

0.59

27

1.10

0.61

56

0.87

1.94

28

1.08

0.75

Control

5.18

2.01

29

1.00

1.03

* High background, results uninterpretable.
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Table 2.4. Results of IgM and IgG ELISAs for serum samples (n=63) collected from two
neighborhoods with historic cases of EEE in Middleboro, MA.
Specimen number
57

EEE IgM P/N
Ratio
0.89

EEE IgG P/N
Ratio
1.04

Specimen
number
89

EEE IgM P/N
Ratio
1.04

EEE IgG P/N
Ratio
1.03

58

1.03

1.49

90

0.98

1.09

59

0.73

1.37

91

0.96

1.68

60

0.90

1.07

92

1.01

1.41

61

0.70

1.87

93

0.80

1.11

62

1.10

1.58

94

1.15

1.15

63

0.82

0.96

95

0.96

1.06

64

0.97

2.48*

96

1.11

1.27

65

1.05

1.26

97

0.94

1.12

66

1.18

3.00*

98

1.21

1.72

67

0.99

3.76*

99

0.98

2.76*

68

0.94

1.36

100

0.92

1.13

69

0.91

1.19

101

0.80

0.82

70

0.90

1.20

102

0.90

1.17

71

0.91

0.93

103

0.80

1.02

72

0.99

2.20*

104

0.93

0.87

73

1.33

1.12

105

0.99

1.37

74

1.25

1.24

106

1.09

1.75

75

1.65

1.33

107

1.11

1.77

76

1.92

1.39

108

0.97

1.05

77

QNS

QNS

109

0.98

1.37

78

1.42

1.25

110

1.07

1.49

79

0.99

1.70

111

0.97

1.32

80

1.07

1.63

112

0.91

1.02

81

1.08

1.61

113

1.69

0.98

82

1.13

1.46

114

1.39

0.95

83

0.96

1.99*

115

1.85

1.34

84

0.93

1.88

116

1.85

1.29

85

0.98

1.26

117

1.78

1.65

86

0.95

1.79

118

1.76

1.23

87

1.07

1.60

119

1.88

1.33

88

0.98

1.42

Control

4.79

4.14

* High background, results uninterpretable.
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Table 2.5. Results of IgM and IgG ELIS As for serum samples (n=31) collected from a
neighborhood with historic cases of EEE in Whitman, MA.
Specimen number
120

EEE IgM P/N
Ratio
1.08

EEE IgG P/N
Ratio
1.55

Specimen
number
136

EEE IgM P/N
Ratio
0.89

EEE IgG P/N
Ratio
1.25

121

1.12

1.49

137

1.17

1.39

122

0.96

1.02

138

0.92

1.46

123

1.09

1.46

139

0.89

0.98

124

0.95

1.39

140

1.33

1.10

125

1.18

1.01

141

0.82

2.00*

126

1.12

2.83*

142

0.97

1.28

127

1.22

1.39

143

0.99

1.11

128

1.25

1.05

144

0.96

1.04

129

1.18

2.12*

145

0.97

1.33

130

1.35

1.51

146

1.07

2.21*

131

1.28

2.32*

147

1.09

1.02

132

1.06

1.20

148

1.13

1.36

133

1.24

2.08*

149

1.90

1.09

134

0.98

1.56

150

0.98

1.53

135

1.02

0.92

Control

4.78

3.74

* High background, results uninterpretable.

A total of 100 control sera randomly selected from Plymouth county residents
were tested for antibodies to EEE virus by IgM and IgG ELISA. All 100 sera were
negative by IgM ELISA and 94 negative by IgG ELISA. IgG ELISA test results with six
of the serum specimens were uninterpretable because of high background readings.
There were no inapparent infections in the control group.
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Discussion
In order to control an arbovirus it is important to determine the vector responsible
for transmission and the landscape features that promote the presence of that agent. It is
also important to determine the pattern of transmission. EEE has been assumed to be
non-randomly transmitted (Day & Stark 1996). However, the pattern of transmission
may be in large part a reflection of the flight range or preferred habitat distribution of the
mosquito species serving as the epidemic vector in a particular region. One way to
determine the pattern of transmission is to locate indicators of transmission (human/horse
cases and virus isolations from field caught mosquitoes) on a map in order to see if
clustering of these indicators is evident. Although informative, this approach often must
rely on sparse data, especially in the case of EEE where few cases occur and virus
isolation data is limited to a few stationary trap sites used for EEE virus surveillance.
One approach to increase the resolution of indicator distribution (e.g. to observe
transmission events taking place at shorter distances) is to conduct serosurveys of
neighborhoods with histories of EEE. Our serosurveys were accompanied with a travel
history survey to identify the most likely location of EEE virus exposure if antibodies
were found.
The positive sample detected in this study came from a Kingston resident who
lived within 10 meters of a previous confirmed horse case. In addition to the clustering
observed by mapping cases and virus isolates, this suggests that EEE virus transmission
may be focal in Massachusetts. If true, this could aid in the prediction of EEE
transmission based on the environmental features that cause it to be focal. Identification
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of these features in association with potential epidemic vector abundance is an important
step which may allow concentration of control measures to critical areas in the landscape
where the risk of transmission is highest.
Recently, inapparent infection rates have been calculated for residents in
California that have been exposed to St. Louis encephalitis (SLE) and Western equine
encephalitis (WEE) viruses (Reisen & Chiles 1997). These rates, calculated from areas of
sporadic versus consistent enzootic transmission, were found to be 0.8% to 11.0% for
SLE and 0.5% to 1.3 % for WEE. These rates are considered low when compared to
surveys in California performed in 1960 when inapparent infection rates of 34% and 40%
were found for WEE and SLE respectively.
EEE is unusual in that the inapparent: apparent infection ratio and prevalence both
appear to be low (Przelomski et al. 1988, Schaeffer et al. 1954). The highest inapparent
infection rates for EEE were found in southern Alabama serosurveys that took place in
1958 and 1962 (Sudia et al., 1968). These studies reported an inapparent infection rate of
7.8% (10 out of 129 surveyed) in 1958 and 6% (9 out of 150 surveyed) in 1962. After the
1938 outbreak in Massachusetts there were no identifiable antibodies against EEE virus
in residents of epidemic areas (Fothergill et al. 1938). Przelomski et al. (1988) mention
an unpublished 1985 serosurvey (by V. P. Berardi) of 1000 Massachusetts residents in
epidemic areas that resulted in one seropositive sample by neutralization test. This would
indicate that in 1985 there was an inapparent infection rate of 1:1000 or 0.10% in
epidemic areas of Massachusetts. Our study suggests that about 10 years later the
inapparent infection rate was as high as 1.85%. Although not statistically significant
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because of the low numerator, this suggests a 10-fold increase in inapparent infection
from 1985. For an accurate comparison of inapparent infection changes in Plymouth
county, the same neighborhoods would have had to be sampled. We have established a
baseline for EEE virus antibody prevalence in Plymouth County. Future surveys can use
this baseline to monitor prevalence rates in this county which historically has been the
area of greatest EEE virus transmission in Massachusetts.
In 1959 there was a severe outbreak of EEE in New Jersey. During this epidemic
there were 32 human cases. Studies following this outbreak showed an inapparent
infection: disease ratio of 23:1 and a prevalence rate of 2.3% for the study area surveyed.
This rate is near the rate found in Kingston (1.85%) and not far above the calculated
prevalence rate for greater Plymouth County (0.74%).
A recent outbreak (one adult human) occurred during the Summer of 1997 in
Plainsville, MA near the Rhode Island border. Prior to this outbreak, EEE virus isolation
from field caught mosquitoes was higher than average in Massachusetts (State
Laboratory, Massachusetts Department of Public Health Files). Taking into account this
recent virus activity in Massachusetts and the inapparent infection rate reported in this
study, it is prudent that State Health Officials continue implementing additional
surveillance measures, public education and disease control measures as soon as virus
isolates appear in the field in human biting mosquitoes (Edman et al. 1993). The
continued maintenance of appropriate mosquito control measures is critical for reduction
in mosquito:human contact after these early warning signs are identified.
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CHAPTER 3
TOWARD THE INCRIMINATION OF EPIDEMIC VECTORS OF EEE VIRUS IN
MASSACHUSETTS WITH SPECIAL ATTENTION TO THE ABUNDANCE OF
MOSQUITO POPULATIONS AT EPIDEMIC FOCI
Introduction
In 1990, Massachusetts experienced its largest EEE outbreak of the current
decade. This epidemic resulted in the clinical infection of 4 humans and 24 horses
(Edman et al. 1993). In the early 1980s another epidemic episode involved 10 humans
and 21 horses. These recent outbreaks afforded the opportunity for conducting a
retrospective study to assist in the incrimination of the epidemic vectors of EEE virus in
Massachusetts by comparing mosquito populations at various epidemic foci. Most EEE
cases in Massachusetts have been concentrated historically in Plymouth and Bristol
counties (see Figures 1.1, 1.2 and 1.3). Not surprisingly most of the cases in 1990 and in
the 1980s occurred in these two counties as well. This section of Massachusetts has large
areas of forested wetlands, some of which are conservation areas that are important for
flood protection and provide drinking water for local residents (Komar & Spielman
1994). This habitat provides developmental, resting and foraging habitats for many
species of mosquitoes, including Cs. melanura, the enzootic vector and the six potential
epidemic vectors that I considered. These were: Coquillettidia perturbans, Aedes
canadensis, Aedes vexans, Culex salinarius. Anopheles quadrimaculatus and Anopheles
punctipennis. These six have been judged the best possible bridge vectors in

Massachusetts due to certain behavioral and biological attributes that could enable them
to transmit EEE virus from birds to humans and horses.
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In a recent paper, Vaidyanathan et al. (1997) ranked these six potential vectors
based on criteria for transmitting arbovirus vectors. These criteria, first proposed by
Chamberlain et al. (1958) are: (1) a vector must be demonstrated to be competent for the
arbovirus , (2) a vector must display a feeding pattern that includes both avian and
mammalian host, (3) the arbovirus must have been isolated from the vector in the field,
(4) the flight pattern of the vector must overlap with the host habitat, (5) and finally
(emphasized in this study) the vector population must overlap spatially and temporally
with foci of disease.
By comparing putative EEE virus vector populations at previous case sites in
Massachusetts, this final criteria can be better resolved. Determining which mosquito
populations are consistently most abundant when and where cases occur can assist in the
incrimination of the vector(s) responsible for transmitting EEE virus to humans and
horses.

Materials and Methods
Study Sites
The region chosen for this study was the southeastern region of Massachusetts,
specifically Bristol and Plymouth counties, where the majority of human and horse cases
have occurred historically. In addition, these two counties are where there has been the
greatest number of virus isolations from mosquito pools since 1982 (see Table 2.1). I
therefore only included in my survey cases that have occurred in these two counties since
the 1982 epidemic (Table 2.2). Also, because of trapping logistics, trapping within these
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two counties was the most feasable strategy. At each site, case families or horse owners
were interviewed to confirm case occurrence and to document travel history. The
transmission location of 15 cases were confirmed; eleven were from the 1990 outbreak.
A map was developed based on locations of horse and human cases as well as
virus isolates from mosquitoes nearest to these cases (see Figure 2.1). To create this
coverage I used a USGS 1:25,000 datalayer which was registered to a universal
transverse mercator (UTM) real world coordinate system. This map directed my selection
of the 15 trap sites where the most recent human and horse cases had occurred (Figure
3.1).
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Figure 3.1. Mosquito trapping sites in southeastern Massachusetts used for this study.

Trapping Method
I used American Biophysics Corporation (ABC) traps to sample adult mosquito
populations from dusk to dusk at these sites from mid-July to mid-September during the
summer of 1996. These traps were equipped with 2 attractants: a photosensitive
flickering light that responds to changes in light intensity and starts operating at dusk, and
C02 which was continuously emitted at 500ml/minute. This flow rate was intended to
mimic the average C02 discharge from an adult human. Trapped mosquitoes represent
roughly 60-70% of the number attracted to a human host during a 2-hr period beginning
at sunset. Two ABC traps were placed at each of the 15 sites during 2 consecutive nights
per week.
All mosquito populations were monitored at each site for the duration of the
study. The species that were considered the most likely vectors in Massachusetts were:
Ae. canadensis, Ae. vexans, Cq. perturbans, Cx. salinarius, An. quadrimaculatus and An.
punctipennis.

Data Analysis
In order to compare the temporal distribution of each species, I calculated the
average abundance of the combined case sites during four 2-week intervals, designated
as: mid-late July, early-mid August, mid-late August and early-mid September (Figure
3.2). A 3-way ANOVA was performed on the log (average abundance +1) for the four
time periods at each site to identify spatial and temporal differences among species (Table
3.1).
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I used ranking methods to determine which species would be the most likely
vector(s). At each site I ranked the species from most to least abundant, giving a score of
1 to the most abundant and a score of up to 6 for the least abundant. If not all six species
were present at a site, those species would receive scores from 1 to the number of species
present. Therefore, if only three species were present at a site, the most abundant species
would receive a score of 1; the next most abundant a score of 2; and the least abundant a
score of 3. If a species was absent, it would receive a score of 7. In case of a tie, the
species found in identical quantities would receive the same score in accordance to their
abundance relative to the other species at the site. Scores were summed across all sites;
species receiving the lowest scores were the most abundant. I compared the 6 species
using this method via two approaches: (1) by ranking at each site with the population data
from the time period during which a case had become infected (Table 3.4); and (2) by
ranking at each site using the average of the population data for each site for the entire
summer (Table 3.5).
Once the relative order of abundance was determined for the six species, I used
another ranking scheme based on quartiles, i.e. 0 to 3, to express the relation from lowest
to highest abundance. The lowest number that could be obtained by the first ranking
system was 15 (i.e. a species receiving a score of 1 at all 15 sites). The highest number
possible was 105 (i.e. a species receiving a score of 7 at all 15 sites). This creates a range
of 90 which divided into quartiles gives intervals of: 15-37.5, 37.5-60, 60-82.5, and 82.5105. Therefore a score of 0 would be given to species showing a sum of ranks within 1537.5; 1 if within 37.5-60; 2 if within 60-82.5; and 3 if within 82.5-105.
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Results

Table 3.1 is a 3-way ANOVA for data. There was a significant difference among
sites (p= 0.000), among species (p= 0.000) and among time intervals (p = 0.000). These
differences are seen in Table 3.2 and Figure 3. Significant two-way interactions were
also observed. These can be interpreted as: the differences within each site are not the
same for each species (p=0.000); the differences among sites are not the same at each
time interval (p=0.000); and the differences among species are not the same at each time
interval (p= 0.000). Time by species interaction can be seen in Table 3.3 where the
magnitude of the differences among time points changes with species. Equivalently the
differences among species change over time.

Table 3.1. Three-way ANOVA to test the significance of spatial and temporal differences
among species.
Source

Type HI Sum of
Squares

df

Mean
Square

F

Sig.

Intercept
SITE
SPECIES
TIME
SITE*SPECIES
SITE*TIME
SPECIES *TIME
Error
Total
Corrected Total

81.129
14.321
31.757
4.018
22.385
4.839
8.177
9.109
179.172
95.339

1
14
5
3
70
41
15
205
354
353

81.129
1.023
6.351
1.339
0.320
0.118
0.545
0.044

1825.839
23.021
142.941
30.139
7.197
2.656
12.269

0.000
0.000
0.000
0.000
0.000
0.000
0.000
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Comparison of Putative Vectors at Case Study Sites
The relative abundance of the six potential vectors varied with the trap site (Table
3.2). In general the most abundant of the six species was Ae. canadensis, followed by Cq.
perturbans, Cx. salinarius , Ae. vexans. An. punctipennis and An. quadrimaculatus. The
abundance of Ae. canadensis was skewed by their enormous population at the
Bridgewater trap site. Without this trap site, the average abundance per trap per night for
Ae. canadensis was 6.6 (92.42 -4- 14 sites), the third most abundant species in the group.
By taking into consideration the time of the summer season in making our species
abundance comparison (Figure 3.2, Table 3.3), in the first trap period (mid-late July), Cq.
perturbans is far more abundant (27.73 mosquitoes per trap night) than Cx. salinarius
(6.15), Ae. canadensis (6.03), Ae. vexans (0.63), An. punctipennis (0.46) and An.
quadrimaculatus (0.25). In the second time interval (early-mid August), the following
order from highest to lowest abundance was observed: Cq. perturbans, Ae. canadensis,
Cx. salinarius , Ae. vexans, An. punctipennis and An. quadrimaculatus. In the third time
interval (mid-late August) abundance was observed in the following order: Ae.
canadensis, Cx. salinarius, Cq. perturbans, Ae. vexans. An. quadrimaculatus and An.
punctipennis. In the final time interval (early-mid September) abundances were in the
following order from highest to lowest: Ae. canadensis, Cx. salinarius, Ae. vexans, Cq.
perturbans. An. punctipennis and An. quadrimaculatus.
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SITES
Norton
NW Middleboro
NE Middleboro
S Middleboro
Lakeville
Rochester
Onset
Wareham
S Kingston
N Kingston
Pembroke
Abington
Whitman
Brockton
Bridgewater
Total Average

22.65
45.13
30.58
9.95
4.44
9.87
20.25
4.83
10.00
8.25
5.88
8.05
5.04
3.55
15.18
13.51

13.13
5.83
5.04
5.10
2.56
10.57
I. 65
0.13
4.10
3.90
4.31
II. 64
20.26
4.20
322.73
27.61

61.39
1.21
0.73
1.05
0.00
1.17
2.40
4.26
1.81
1.00
0.19
47.09
4.43
0.95
43.36
11.20

0.83
3.79
0.46
0.80
0.00
0.09
2.00
0.61
0.19
0.90
0.31
4.50
2.52
5.10
29.73
3.42

0.78
0.38
0.65
0.05
0.67
0.09
0.10
0.70
0.90
0.40
0.00
0.82
0.22
0.05
0.09
0.04
0.96
0.77
1.70
0.11
0.78
0.15
0.65
0.05
0.05
0.13
0.95
0.09
0.45
1.00

Cq. perturbans Ae. canadensis Cx. salinarius Ae. vexans An. punctipennis An. quadrimaculatus

Table 3.2. Average abundance of putative epidemic mosquito populations at EEE epidemic foci in southeastern Massachusetts
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Figure 3.2. Biweekly comparison of mosquito abundance per trap night at 15 eastern
Massachusetts case sites (1996).

Table 3.3. Average mosquito abundance per trap night during four biweekly time
intervals during the summer of 1996.
Seasonal
Ae.
Ae.
An.
Cq.
Cx.
An.
interval
perturbans canadensis salinarius vexans punctipennis quadrimaculatus
mid-late
27.73
6.03
6.15
0.63
0.46
0.25
July
early-mid
22.74
19.87
14.28
4.21
0.33
0.51
August
3.52
0.63
mid-late
6.88
28.86
17.42
0.57
August
0.31
1.32
13.11
1.55
0.58
early-mid
2.15
September

Other approaches in comparing potential vector populations were (1) ranking
species at each site using the abundance data from the time period during which a case
had occurred at the site (Table 3.4) and, (2) ranking species at each site using the average
of the population data for each site for the entire summer (Table 3.5). These two
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approaches gave approximately the same result except that the order of the Anopheles
species is reversed. Therefore, with the first approach, the order of the potential vectors
according to their abundance during the time interval of the respective case occurrence at
each site was: Cq. perturbans, Ae. canadensis, Cx. salinarius, Ae. vexans. An.
quadrimaculatus and An. punctipennis. With the second approach, where an overall

comparison was made of the populations during the entire summer, the order was similar:
Cq. perturbans, Ae. canadensis, Cx. salinarius, Ae. vexans. An. punctipennis and An.
quadrimaculatus.

48

33

Total Average

24

m<N<N(Nr-—i<NcO(N(N-h(N'—|<N—H

Norton
NW Middleboro
NE Middleboro
S Middleboro
Lakeville
Rochester
Onset
Wareham
S Kingston
N Kingston
Pembroke
Abington
Whitman
Brockton
Bridgewater

Cq. perturbans Ae. canadensis
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Cx. salinarius
Ae. vexans

99

SITES

An. quadrimaculatus

73

An. punctipennis

Table 3.4. Sum of species ranked at each site during the time interval of case occurrence.
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SITES
Norton
NW Middleboro
NE Middleboro
S Middleboro
Lakeville
Rochester
Onset
Wareham
S Kingston
N Kingston
Pembroke
Abington
Whitman
Brockton
Bridgewater
Total Average

25

Cq. perturbans Ae. canadensis

50
34

47

Cx. salinarius

62

Ae. vexans

Table 3.5. Sum of species ranked at each site by average summer abundance.

m(S(N^C^rHTt\OCS^(S(N^(NrH

72

An. punctipennis

78

An. quadrimaculatus

Comparison of Other Mosquito Species at Case Sites
At each of the 15 sites Culiseta melanura, the ornithophagic enzootic vector, was
observed (Table 3.6). At most of these sites Cs. morsitans and Cx. restuans/pipiens were
also present. These species are also ornithophagic and may play a secondary role in
enzootic and epizootic transmission. Total average abundances per trap night for the
summer in the study area was 2.84 for Cs. melanura, 2.41 for Cs. morsitans and 2.97 for
Cx. restuans/pipiens.
Eight Aedes species or species groups other than Ae. canadensis and Ae. vexans
also were found at the case sites (Table 3.7). These included (in order of abundance):
Ae. cinereus, Ae. triseriatus, Ae. aurifer, Ae. trivittatus, Ae. excrucians/stimulans/fitchi,
Ae. taeniorhynchus, Ae. cantator and Ae. sollicitans. All 15 sites had small, residual
populations of univoltine, spring-hatch Ae. excrucians/stimulans/fitchi. Aedes triseriatus
was encountered at all sites except Wareham. Aedes cinereus was found at all sites
except for Lakeville. Aedes aurifer, another early summer species, was found in all sites
except Lakeville, NW Middleboro and Wareham. The early summer salt marsh species,
Aedes cantator, was found in 10 of the 15 sites. Aedes trivittatus, a species often
associated with Ae. vexans, was found in 8 of the 15 sites. The two salt marsh species, Ae.
taeniorhynchus and Ae. sollicitans, were found only at Onset and Wareham, sites near the
coast.
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Table 3.6. Average abundance (per trap night) of avian feeding Cs. melanura, Cs.
morsitans and Cx. restuans/pipiens populations at EEE epidemic foci in southeastern
Massachusetts.
Sites
Norton
NW Middleboro
NE Middleboro
S Middleboro
Lakeville
Rochester
Onset
Wareham
S Kingston
N Kingston
Pembroke
Abington
Whitman
Brockton
Bridgewater
Total Average

Cs. melanura
1.74
7.58
3.12
2.45
1.00
4.74
0.70
0.30
3.76
2.50
1.69
2.73
0.96
0.40
9.00

Cs. morsitans
0.17
2.42
0.19
0.20
0.00
2.43
0.05
0.00
0.86
0.00
0.44
21.09
0.83
0.05
1.45
2.41

2.84
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Cx. restuans/pipiens
0.61
12.75
8.65
0.90
0.00
1.43
4.45
2.22
0.71
0.40
1.69
4.59
3.09
1.60
1.45
2.97
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Table 3.7. Average abundance of Aedes species at EEE epidemic foci in southeastern Massachusetts
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Population Dynamics of Putative Vectors at Each Epidemic Focus
In Norton, the most abundant of the six potential vectors was Cx. salinarius,
followed by Cq. perturbans, Ae. canadensis, Ae. vexans, An quadrimaculatus and An.
punctipennis (Table 3.2). The date of onset of the human case that took place in Norton
was August 4, 1983. Intrinsic incubation period for EEE is between 3 to 5 days. In our
survey, the most abundant species during the mid-late July period (Figure 3.3, Table 3.8)
was Cq. perturbans (55.2 mosquitoes per trap night) followed by Cx. salinarius (average
of 30 mosquito) Ae. canadensis (5.2 mosquitoes), An. punctipennis (0.2 mosquitoes) and
An. quadrimaculatus (1.0 mosquitoes). No Ae. vexans was collected in ABC light traps
baited with CO2 during this time period.
In the NW Middleboro focus, the most abundant species for the summer was Cq.
perturbans, followed by Ae. canadensis, Ae. vexans, Cx. salinarius. An. punctipennis and
An. quadrimaculatus (Table 3.2). The date of onset of the horse case that took place in
NW Middleboro was August 13, 1990. In our survey, the most abundant species during
the early-mid August period (Figure 3.3, Table 3.8) was Cq. perturbans (94.8 average
mosquitoes per trap night) followed by Ae. canadensis (9.3 mosquitoes), Ae. vexans (3.5
mosquitoes), Cx. salinarius (3.2 mosquitoes), An. punctipennis (1.8 mosquitoes) and An.
quadrimaculatus (0.7 mosquitoes).
In NE Middleboro the most abundant species observed was Cq. perturbans
followed by Ae. canadensis. An. punctipennis, Cx. salinarius, Ae. vexans, and An.
quadrimaculatus (Table 3.2) A horse case took place in NE Middleboro at the same time
as NW Middleboro, on August 13, 1990. During the early-mid August interval in our
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survey (Figure 3.3, Table 3.8), the most abundant species was also Cq. perturbans
(average of 43.3 mosquitoes) followed by Ae. canadensis (4.2 mosquitoes), Cx. salinarius
(1.2 mosquitoes), An. quadrimaculatus (0.7 mosquitoes), and An. punctipennis (0.5
mosquitoes). No Ae. vexans were captured during this interval.
South Middleboro had the least number of mosquitoes in general of all the
Middleboro sites. This was most likely due to the owner of the property having made a
pesticide application in the Spring to reduce the number of mosquitoes due to their having
lost a horse in August 13, 1990 and still owning horses at the time of the survey. At this
site the most abundant species was Cq. perturbans followed by Ae. canadensis, An.
punctipennis, Cx. salinarius, Ae. vexans, and An. quadrimaculatus (Table 3.2). During
the early-mid August interval (Figure 3.3, Table 8) the most abundant species was Cq.
perturbans (average of 23.4 mosquitoes), followed by Ae. canadensis (5.8 mosquitoes),
Ae. vexans (1.8 mosquitoes), Cx. salinarius (1.4 mosquitoes), An. punctipennis (1.4
mosquitoes) and An. quadrimaculatus (0.2 mosquitoes).
In Lakeville few mosquitoes were observed; the numbers were so low that
trapping was discontinued from early to mid September. The majority of mosquitoes
were Cq. perturbans, followed by Ae. canadensis. An. quadrimaculatus, and An.
punctipennis. No Cx. salinarius or Ae. vexans were captured at this site (Table 3.2). The
human case that took place at this site occurred on August 12, 1983. During the earlymid August time interval (Figure 3.3, Table 3.8) the most abundant species was Cq.
perturbans (3.50 mosquito average) followed by An. quadrimaculatus (0.50 mosquito
average). None of the other species were observed at this time.
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At Rochester, the most abundant species was Ae. canadensis followed by Cq.
perturbans, Cx. salinarius and An. punctipennis. Aedes vexans and An. quadrimaculatus

were the least abundant and in equal numbers (Table 3.2). At this site, a horse case had
taken place on August 24, 1990. During the mid-late August time period in our survey
(Figure 3.3, Table 3.8) we found Ae. canadensis to be the most abundant species (average
of 3.6 mosquitoes). This was followed by Cq. perturbans (2.1 mosquitoes), Cx.
salinarius (1.6 mosquitoes), An. punctipennis (1.0 mosquitoes), and Ae. vexans (0.1

mosquitoes). Anopheles quadrimaculatus was not observed during this time interval.
Coquillettidia perturbans was the most abundant species at the Onset site. This

was followed by Cx. salinarius, Ae. vexans, Ae. canadensis. An. punctipennis and An.
quadrimaculatus (Table 3.2). At this site a horse case had occurred on July 29, 1990.

During the early-mid July interval (Figure 3.3, Table 3.8), Cq. perturbans (36.7
mosquitoes) was the most abundant species at this site followed by Ae. canadensis (1.3
mosquitoes), Cx. salinarius/An. punctipennis (1.0 mosquitoes), and Ae. vexans (0.7
mosquitoes). There were no An. quadrimaculatus mosquitoes during this early time
interval.
In Wareham, Cq. perturbans was the most abundant species. This was followed
by Cx. salinarius. An. quadrimaculatus, An. punctipennis, Ae. vexans, and Ae. canadensis
(Table 3.2). A human case occurred at this site on August 3, 1990. During the mid-late
July interval (Figure 3.3, Table 3.8) the population abundances were in the following
order: Cq. perturbans (7.3 mosquitoes), Cx. salinarius (5.67 mosquitoes), An.
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quadrimaculatus (0.5 mosquitoes), An. punctipennis (0.3 mosquitoes) Ae. canadensis

(0.3 mosquitoes) and Ae. vexans (0.3 mosquitoes).
In the town of Kingston there were two trap sites. In the Southern Kingston site
Cq. perturbans was found in greatest abundance followed by Ae. canadensis, Cx.
salinarius, An. quadrimaculatus, Ae. vexans and An. punctipennis (Table 3.2). At this

site there was a horse case on August 20, 1990. During mid-late August in our survey
(Figure 3.3, Table 3.8), Cq. perturbans (4.1 mosquitoes) was found in greatest numbers at
this site, followed by Ae. canadensis (3.8 mosquitoes), Cx. salinarius (2.1 mosquitoes).
An. quadrimaculatus (1.3 mosquitoes) and Ae. vexans/An. punctipennis (0.1 mosquitoes).

In the North Kingston trap site, the order of species according to population sizes
was: Cq. perturbans, Ae. canadensis, Cx. salinarius, Ae. vexans, An. quadrimaculatus
and An. punctipennis (Table 3.2). At this site a human case had occurred on August 29,
1990, a week after the horse case in North Kingston. During the mid-late August interval
(Figure 3.3, Table 3.8), the mosquito species found in greatest abundance was Cq.
perturbans (5.17 mosquito average) followed by Ae. canadensis (4.17 mosquito average),
Cx. salinarius (1.17 mosquito average), Ae. vexans (1.00 mosquito average) and An.
quadrimaculatus (0.67 mosquito average). There were no An. punctipennis caught in

traps during this time.
At the Pembroke site, Cq. perturbans was the most abundant species. It was
followed by Ae. canadensis, Ae. vexans, Cx. salinarius and An. punctipennis. This was
the only site where An. quadrimaculatus was not encountered (Table 3.2). A horse case
occurred at this site on August 20, 1990. During the mid-late August time interval
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(Figure 3.3, Table 3.8), the most common species was Ae. canadensis (9.3 mosquitoes)
followed by Cq. perturbans (0.8 mosquitoes), Ae. vexans (0.5 mosquitoes) and Cx.
salinarius/An. punctipennis (0.3 mosquitoes).

In Abington, the most abundant species during the study season was Cx.
salinarius, followed by Ae. canadensis, Cq. perturbans, Ae. vexans, An. punctipennis and
An. quadrimaculatus (Table 3.2). A horse case occurred at this site on August 22, 1990.

During the mid-late August time interval (Figure 3.3, Table 3.8) the most abundant
species was Cx. salinarius (51.1 mosquitoes) followed by Ae. canadensis (10.9
mosquitoes), Cq. perturbans (5.0 mosquitoes), Ae. vexans (4.0 mosquitoes), and the two
Anopheles species (0.8 mosquitoes).

In Whitman, the most prevalent species was Ae. canadensis followed by Cq.
perturbans, Cx. salinarius, Ae. vexans, An. quadrimaculatus and An. punctipennis (Table

3.2). A horse case occurred here on August 16, 1990. During the mid-late August
interval (Figure 3.3, Table 3.8), Ae. canadensis (26.0 mosquitoes) was the most abundant
species followed by Cx. salinarius (7.9 mosquitoes), Cq. perturbans/Ae. vexans (2.5
mosquitoes, An. quadrimaculatus (0.3 mosquitoes) and An. punctipennis (0.1
mosquitoes).
In Brockton, the species that was found in higher numbers was Ae. vexans,
followed by Ae. canadensis, Cq. perturbans, Cx. salinarius. An. punctipennis and An.
quadrimaculatus (Table 3.2). At this site in Brockton, a horse case had occurred on July

31, 1990. During the mid-late July interval (Figure 3.3, Table 3.8) the most abundant of
the six species was Cq. perturbans (8.3 mosquitoes) followed by Ae. canadensis (3.0
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mosquitoes), Cx. salinarius (2.0 mosquitoes) and Ae. vexans (0.7 mosquitoes). Neither of
the Anopheles species were trapped during this time interval.
Finally, in Bridgewater, the species that was found to be most prevalent during
our study was Ae. canadensis, followed by Cx. salinarius, Ae. vexans, Cq. perturbans.
An. punctipennis and An. quadrimacualatus (Table 3.2). There was a human case here on
August 7, 1990. During the early- mid August time interval (Figure 3.3, Table 3.8) the
most abundant species was Ae. canadensis (442.5 mosquitoes). This was followed by Cx.
salinarius (122.5 mosquitoes), Ae. vexans (80.0 mosquitoes), Cq. perturbans (43.0
mosquitoes), and An. punctipennis (4.0 mosquitoes). There were no An. quadrimaculatus
mosquitoes found during this time interval in Bridgewater.
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Table 3.8. Average mosquito abundance per trap per night during mid-late July, early-mid
August, mid-late August and early-mid September, 1996 at 15 EEE case locations.
Towns

Seasonal
interval
Vlid-Late July

Ae.
Cq.
Cx.
perturbans canadensis salinarius

Ae.
vexans

An.
punctipen.

An.
quadrimac.

55.20

5.20

30.00

0.00

0.20

1.00

liarly-Mid Aug

37.25

23.75

85.00

1.25

0.00

0.00

Vlid-Late Aug

9.50

13.13

109.75

1.63

0.00

0.75

liarly-Mid Sept

3.33

12.67

7.33

0.17

0.00

1.17

68.17

3.67

0.50

2.33

0.50

0.00

94.83

9.33

3.17

3.50

1.83

0.67

Vlid-Late Aug

17.17

6.83

0.33

6.33

0.83

0.83

Iiarly-Mid Sept

0.33

3.50

0.83

3.00

0.67

0.00

69.00

6.50

1.00

0.00

0.83

0.17

43.33

4.17

1.17

0.00

0.50

0.67

Mid-Late Aug

13.88

4.63

0.75

1.25

1.50

1.38

Early-Mid Sept

1.67

5.00

0.00

0.33

0.00

0.17

Mid-Late July
S
Middleboro
Early-Mid Aug

9.00

2.20

1.20

0.00

1.60

0.00

23.40

5.80

1.40

1.80

1.20

0.20

Mid-Late Aug

4.43

4.14

1.14

0.57

1.00

0.00

Early-Mid Sept

2.00

11.00

0.00

1.00

4.33

0.00

Mid-Late July

6.00

5.50

0.00

0.00

0.25

0.25

Early-Mid Aug

3.50

0.00

0.00

0.00

0.00

0.50

Mid-Late Aug

3.00

0.33

0.00

0.00

0.00

1.33

Mid-Late July

27.83

16.67

0.17

0.00

1.17

0.00

Early-Mid Aug

6.67

18.67

1.00

0.00

0.33

0.33

Mid-Late Aug

2.13

3.63

1.63

0.13

1.00

0.00

Early-Mid Sept

1.00

0.67

2.30

0.33

0.33

0.00

Norton

Vlid-Late July
NW
Middleboro
liarly-Mid Aug

Mid-Late July
NE
Middleboro
Early-Mid Aug

Lakeville

Rochester
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Table 3.8. Continued.
Towns

Seasonal
nterval

Onset

Vlid-Late July

36.67

1.33

larly-Mid Aug

37.60

Vlid-Late Aug

Wareham

S Kingston

N Kingston

Pembroke

Ae.
Cx.
Cq.
perturbans canadensis salinarius

Ae.
vexans

An.
punctipen.

An.
quadrimac.

1.00

0.67

1.00

0.00

1.40

2.20

2.00

0.00

0.20

13.71

0.86

3.86

3.86

0.00

0.00

Barly-Mid Sept

2.20

0.67

1.40

0.20

0.00

0.20

Vlid-Late July

7.33

0.33

5.67

0.33

0.33

0.50

3arly-Mid Aug

5.00

0.17

2.00

0.17

0.17

0.17

Mid-Late Aug

5.17

0.00

7.33

1.33

1.50

1.83

larly-Mid Sept

1.20

0.00

1.60

0.60

0.60

0.20

Mid-Late July

20.00

1.60

0.60

0.00

0.00

0.40

Early-Mid Aug

12.67

7.17

2.33

0.33

0.00

1.17

Mid-Late Aug

4.13

3.75

2.13

0.13

0.13

1.25

Early-Mid Sept

0.50

2.50

2.00

0.50

0.00

0.00

Mid-Late July

11.33

8.33

0.33

0.67

0.00

1.33

Early-Mid Aug

15.67

2.50

1.50

1.00

0.17

0.00

Mid-Late Aug

5.17

4.17

1.17

1.00

0.00

0.67

Early-Mid Sept

1.20

2.60

0.60

0.80

0.00

0.00

Mid-Late July

11.33

0.50

0.17

0.00

0.00

0.00

Early-Mid Aug

7.33

6.33

0.00

1.00

0.00

0.00

Mid-Late Aug

0.75

9.25

0.25

0.50

0.25

0.00

Early-Mid Sept

0.33

3.33

0.33

0.00

0.33

0.00
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Table 3.8. Continued.
Towns

Seasonal
Interval

Abington

Mid-Late July

16.50

21.75

Early-Mid Aug

11.80

Mid-Late Aug

Whitman

Brockton

Cq.
Ae.
Cx.
perturbans canadensis salinarius

Ae.
vexans

An.
punctipen.

An.
quadrimac.

45.25

3.75

0.25

0.25

14.60

83.60

9.60

0.60

0.40

5.00

10.88

51.13

4.00

0.75

0.75

Early-Mid Sept

2.40

1.80

5.60

0.80

2.20

1.80

Mid-Late July

12.25

10.75

2.75

0.50

0.00

0.00

Early-Mid Aug

7.67

27.00

4.00

4.83

0.17

0.50

Mid-Late Aug

2.50

26.00

7.88

2.50

0.13

0.25

Early-Mid Sept

0.20

10.60

0.80

1.40

0.00

0.00

Mid-Late July

8.33

3.00

2.00

0.67

0.00

0.00

Early-Mid Aug

7.75

7.00

0.50

8.50

1.00

0.00

Mid-Late Aug

1.75

4.63

0.38

4.88

0.38

0.13

Early-Mid Sept

0.20

2.00

1.60

5.40

0.40

0.00

13.50

1.50

3.00

1.50

0.00

0.00

Early-Mid Aug

43.00

442.50

122.50

80.00

4.00

0.00

Mid-Late Aug

13.00

531.75

53.00

35.00

0.50

0.25

Early-Mid Sept

0.67

178.33

4.60

8.00

0.33

0.00

Bridgewater Mid-Late July
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Discussion

A numerical system has been previously designed (Vaidyanathen et al. 1997) to
aid in reducing and ranking the list of potential mosquito vectors based on characteristics
that a vector must possess in order to transmit EEE virus. This system ranks each vector
character from 3 to 0; a score of 3 is given to the best vector quality of that character and
0 to the worst character quality. This list of characters was modified to include
information from my study (Table 3.9). Vector characters therefore include: vector
competence, host preference, appearance of virus isolates from field caught mosquitoes,
flight range, and based on this study, temporal and spatial overlap of species at epidemic
case sites. Vector competence refers to the ability of a vector to become infected, to
support replication, and finally to transmit the virus from the salivary glands to a
vertebrate host. In the case of EEE, a good epidemic vector should be catholic in its
feeding preference. That is, it should feed on birds as well as humans and horses. The
appearance of EEE virus isolates in the field, although not an indication of vector
competence, does suggest the potential involvement of a mosquito species in
transmission because it is at least feeding on infected animals. A large flight range from
forest resting sites for host seeking can enhance the chances of a vector serving as a
bridge vector between birds and humans or horses, especially when these cases occur
away from the forest margin.
We considered the species with the greatest temporal and spatial overlap as being
those that are present in higher numbers at an epidemic site (space) during the seasonal
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interval (time) when transmission took place. In order to compare with the other vector
attributes a score for temporal/spatial overlap of 3 was to Cq. perturbans, 2 to both Ae.
canadensis and Cx. salinarius, 1 to Ae. vexans and 0 for both Anopheles species. It
should be noted that this ranking is based on populations of mosquitoes that are caught in
CO2 baited ABC light traps. Depending on the species, collections may be an
overestimate (Cx. salinarius) or underestimate (Anopheles spp.) of actual biting
populations in an area (Vaidyanathan & Edman 1997). Regression analysis of human
biting collections to CO2 baited ABC light traps can predict roughly 80% of the actual
biting risk by Cq. perturbans and Aedes spp. (Vaidyanathan & Edman). Trap yields of
Cx. salinarius were not significantly different from 2-hr biting collections and CCE-baited
ABC light trap have been reported to be superior to resting boxes for estimating biting
risk because resting boxes, unlike baited light traps, collect many non-host-seeking
females.
Under this revised ranking scheme we found that Cq. perturbans, Ae. canadensis,
and Cx. salinarius may be relatively similar in relation to the biological, ecological and
behavioral attributes that characterize them as potential epidemic vectors. They are more
likely to be vectors of EEE virus in southeastern Massachusetts than Ae. vexans, An.
punctipennis and An. quadrimaculatus.
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Table 3.9. Comparison of the putative EEE virus vectors in Massachusetts according to
attributes that characterize them as vectors.
Species
Cq. perturbans
Ae. canadensis
Cx. salinarius
Ae. vexans
An. punctipennis
An. quadrimaculatus

Vector1 Host2 Isolates3 Flight Range4 Abundance5
1
2
3
3
3
3
2
2
1
3
2
3
3
3
2
0
2
2
3
1
0
2
1
3
0
2
2
2
3
0

Total
12
11
13
8
6
9

’Vector = vector competence: 3, > 10% of the infected lab species were found to be
competent for the virus; 2, 6-10%; 3, 1-5%; 0, no transmission.
2Host = diversity of host range: 3, broad host range; 2, mostly feeds on mammals; 1,
narrow host range; 0, extremely narrow host range.
isolates = EEE virus isolations from mosquito pools: 3, commonly isolated from the
field; 2, occasionally isolated; 1, rarely isolated; 0, never isolated.
4Flight range = distance from forest margin when host seeking: 3, >1 km radius; 2, <1
km radius; 1, remaining close to the forest margin; 0, seldom leaving the forest.
5 Abundance = population abundance at epidemic sites during epidemic months compared
to other potential vectors present: 3, high abundance; 2, medium abundance; 1, low
abundance; 0, least abundance. (Modified from Vaidyanathan et al. 1997).

It may be possible that several of these species have served as vectors in different
epidemic foci of Massachusetts. This would mean that Cq. pertubans was the most likely
vector for the outbreaks that took place in NW, NE and S Middleboro, Lakeville, Onset,
Wareham, S and N Kingston, and Brockton. Aedes canadensis may have been the most
likely vector in Rochester, Pembroke, Whitman and Bridgewater. And finally Cx.
salinarius could have been more likely responsible for cases in Norton, and Abington.
However, other scenarios exist. One species may serve as transmitter at all the sites. All
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three, Cq. perturbans, Ae. canadensis and Cx. salinarius, were present at 14 out of 15 of
the sites surveyed. Of these three only Cq. perturbans was present at the Lakeville site.
This could have been an odd year for this site. It is also the least reliable of the sites since
it is where the oldest human case was said to have occurred and all populations were
quite low. I considered humans to be a less reliable indicator of the location of case
occurrence than horses since humans tend to be more mobile.
Although a higher population of a mosquito species (if it is a vector) increases the
probability that it may be involved in transmission of EEE virus, this does not necessarily
need to be the case. In Wareham and Onset, for example, we found low populations of
Ae. sollicitans, a good EEE virus vector in salt marshes in New Jersey. This species
cannot be ruled out as a possible vector at these more coastal foci despite its low
abundance. Another scenario is that Cq. perturbans causes the horse cases (early in the
summer when populations are higher and since it feeds on large animals in open areas)
and Cx. salinarius and Ae. canadensis are repsonsible for human transmission. My data
seem to suggest this possibility.
In Massachusetts, there has been five epidemic episodes of EEE separated by
years of no apparent transmission (see Figure 1.1). Inapparent transmission has been
estimated to be between 0.74% and 1.85% (see Chapter 2). There have been few EEE
cases in Massachusetts (74 human cases and 630 horse cases) since they were first
recorded in 1938. Given the large populations of mosquitoes and potential hosts (Komar
& Spielman 1994) in Massachusetts, cases seldom occur. This may be due to a variety
of reasons.
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The first involves the reservoir bird population that maintains the enzootic disease
focus in an area. Factors affecting bird populations such as migration, disease, or
reductions or increases in herd immunity could have an impact on rising or falling levels
of virus that can potentially spill over and be transmitted to dead end hosts such as
humans or horses.
A second factor is the dead end hosts. The availability of horse vaccines has
greatly reduced the incidence of EEE in horses. In both humans and horses, there may be
cases of inapparent infection or of survival of infected individuals due to stronger
immune systems or non-naive hosts.
The ability of a mosquito to acquire, incubate and transmit EEE virus to a
mammalian host plays a key role in the incidence of EEE. As I have attempted to
discover in this study, the abundance of a vector at an outbreak site can influence its
transmission potential. Reduction in vector populations due to efficient mosquito control,
reduces the numbers of potential infective vectors. Moreover, pathological and
behavioral effects of the virus on the mosquito may modulate this process.
The feeding behavior of the mosquito species is an especially important factor
when dealing with a bridge vector. The more likely a species is to feed on both birds and
mammals, the more likely it will serve as a bridge vector. Another consideration is the
range a species will fly in search of a blood meal. The greater the flight range, the more
likely it will encounter humans and horses that dwell outside of the forest foci of infected
birds.
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It is impossible to know the species diversity and abundance at the sites surveyed
in our study at the time when the epidemic occurred. However, since transmission at
most of the epidemic sites described here occurred in 1990, the landscape of these sites
had not changed a great deal when I conducted this survey. Thus, a retrospective study of
this type can provide useful information for mosquito control workers to target high risk
areas. The larval development and adult resting sites of populations of Cq. perturbans,
Ae. canadensis and Cx. salinarius appear to be prime targets in the transmission of EEE
virus to humans and horses in Massachusetts.
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CHAPTER 4
APPLICATION OF GEOGRAPHIC INFORMATION TECHNOLOGY IN
DETERMINING RISK OF EEE VIRUS TRANSMISSION
Introduction
Geographic Information System (GIS) Technology allows the examination of
remotely sensed landscape elements that relate to vector abundance, and therefore to the
risk of disease transmission.

This technology has been recently used to answer

epidemiologically relevant questions in a variety of arthropod-borne disease systems
(Beck et al 1994, Dister et al. 1997, Linthicum et al 1987, Rogers & Randolph 1991).
In this study I used GIS as a tool to study the landscape features of epidemic foci
of EEE in Massachusetts. The New England Gap Analysis Project (GAP) has developed
base vegetation maps for New England by using Landsat Thematic Mapper (TM) data
(multispectral satellite data) combined with aerial videography. The GAP was originally
designed as a tool for determining the conservation status of components of biodiversity.
Its main purpose has been to identify gaps (vegetation and animal species types that are
not represented in conservation areas) that may be filled through the creation of new
reserves or improvement of land management. The data set provided by GAP provides
many major forest, non-forest, wetland, urban and water classifications that can be further
separated into subtypes to obtain a more detailed perception of the landscape. In this
study GAP data were used to describe the landscape composition of fifteen EEE case
sites resulting from the epidemics in Massachusetts in the 1980s and 90s. My objective
was to identify landscape elements that are highly correlated with population abundances
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of the enzootic vector of EEE virus, Cs. melanura, as well as with six potential epidemic
vectors in Massachusetts (Vaidyanathan et al. 1997).
The New England landscape is 50 to 95% forested with a wide variety of forest
types in relatively small stands interspersed throughout the region (Jack Finn, personal
communication). In southeastern Massachusetts, wetlands make up 20% of the land
(Komar et al. 1994). Forested wetlands, some of which are now conservation areas, are
important for a healthy water supply and flood protection for local residents. This habitat
also provides an important habitat for wildlife, including many species of birds and
mosquitoes implicated in the EEE virus cycle. Residential development within or
adjacent to forested wetland areas has brought an increased number of people and horses
in contact with mosquitoes capable of transmitting EEE virus (Komar & Spielman 1994).
Identification of landscape elements that predispose humans and horses to EEE virus
transmission is important for understanding and controlling EEE virus transmission.

Materials and Methods

Study Sites
This study focused on the southeastern corner of Massachusetts, more specifically
on Bristol and Plymouth counties where the majority of human and horse cases have
occurred historically. In addition, these two counties are where there has been the
greatest record of virus isolations from mosquito pools (see Table 2.1).
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Our first step was to develop a map based on locations of horse and human cases
as well as virus isolates (Figure 2.1). To create this coverage we used a registered USGS
1:25,000 datalayer which was registered to a universal transverse mercator (UTM) real
world coordinate system. This allows proper scaled orientation of case locations.

Landscape Map Generation
A major component of this study was the use of remotely sensed data which was
already available in the New England GAP analysis homepage. Particular attention was
made to landscape elements associated with larval mosquito abundance (e.g. palustrine
wetlands). These data were in Arclnfo grid format (Raster data set i.e. non-polygon).
Landscape elements identified included the following 11 major type categories: northern
hardwoods, red maple dominant, oak dominant, birch dominant, oak/maple/birch
codominant, conifer, maple/oak/conifer codominant, palustrine wetlands, nonforest cover,
fresh open water, and urban elements. Each of these major types were further broken
down into subtypes so that a more detailed landscape could be visualized. A total of 64
such subtype elements were available from this data set. Eight major categories were
identified in our study area: red maple dominant, oak dominant, oak/maple/birch
codominant, conifer, palustrine wetlands, nonforest cover, fresh open water, and urban
areas (Table 4.1).

Mosquito Abundance Data
Population abundance data were obtained via adult trapping performed from midJuly to mid-September, 1996. See Chapter 3 for details of trapping methods. Average
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population abundance was obtained for each of the six putative EEE virus epidemic
vectors (Ae. canadensis, Ae. vexans, Cq. perturbans, Cx. salinarius, An. quadrimaculatus
and An. punctipennis) and the known enzootic vector, Cs. melanura, were used to
construct linear regression models.

Landscape-Mosquito Abundance Analysis
I projected existing case site coverages (USGS) into the GAP data coordinate
system. Each of the 15 case sites were buffered (delineated) around an area 1 km in
radius from the case site (Figure 4.1). The 1 km distance was arbitrary, and based on an
average flight range for many mosquitoes (Hobbs et al. 1974). Buffered areas were
clipped out and converted to polygons. The polygonal buffers were overlaid on the
landscape map to calculate the proportion of the area that each landscape element
occupies within the buffer. I calculated the area of each landscape category in acres for
each buffered area.
Prior to variable selection through stepwise linear regression, linear regression
models of the non-transformed data were created. The Y and log (Y) were fitted in the
proportions pi,... p (c-1) where p = untransformed major class landscape element
proportions and Y is the average mosquito abundance per trap night during the summer of
1996. The residuals were plotted versus the fitted value Y and log (Y) to examine
assumptions of linearity and constant variance.
I found that the assumptions of linearity and constant variance were better
conserved when I log transformed population data for Ae. canadensis, Cx. salinarius and
Ae. vexans. Thus, transformed abundance data were used in building stepwise linear
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regression models with untransformed proportions. Other authors have transformed
proportions using the arsine sqrt (p). While some may argue for the use of transformed
proportions when these proportions are the dependent variable, there is no compelling
reason to use it on proportions which are predictors or independent variables in a
regression.
Stepwise linear regressions were constructed to identify the best set of landscape
proportions for predicting abundance of each of the six species. These sets were then
used to develop linear models. The log transformed mosquito average abundances were
used as the dependent variables and the proportions of landscape variables were used as
the independent variables. Landscape proportions were thus added to the equations for
each of the six species until none of the remaining variables improved the model.
The first regression models for the six species used the major landscape categories
available in the GAP data set. Table 4.2 includes the distribution of major landscape
classes in the expanded study area. Table 4.3 is a list of the proportions of the major
landscape categories within 1 km radius from each trap site in each town surveyed.
Once it was found which major categories were good predictors of species
abundance, I performed another set of stepwise linear regressions to tease out the major
subclasses that contributed most to the major categories for each species.
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Table 4.1. Major class and subclass GAP landscape categories identified in study area.

Major types

Subtypes

Red Maple Dominant None
Oak Dominant
Red Oak dominant Oak mixture
Oak dominant with up to 20% N. Hardwood (ds Red Maple
mixture with Birch)
Oak dominant with up to 20% Birch (ds N. Hardwood and/or
Red Maple)
Oak dominant with up to 20% N. Hardwood (cis Red Maple,
Birch) and White Pine
Oak dominant with up to 20% Red Maple and Birch and
Hemlock
Scrub Oak dominant with up to 20% Pitch Pine
Oak/Maple/B irch

N. Hardwoods 60%, Red Oak mixture 40% (ds Red Maple)
(assume Birch is present)
Red Oak 60%, N. Hardwood 40% (cis Red Maple)
Red Oak 60%, Red Maple 40% (ds N. Hardwood) (assume
Birch is present)
Red Maple 60%, Red Oak mixture 40%
N. Hardwood (includes some Red Maple), Red Oak, Birch
mixture (3 even parts - northern SNE)
Red Maple, Red Oak/ Birch Mixture (3 even parts - southern
SNE)
N. Hardwoods 60%, Red Oak mixture 40% (cis Red Maple)
(assume Birch is present) with up to 20% White Pine
Red Maple 60%, Hemlock 40%, with any Beech, Ash, Birch

Conifer

Red Oak 60%, White Pine mixture 40% (ds Hemlock) with
Maples
White Pine 60% (cis Hemlock), Red Oak mixture 40% with
Maples
N. Hardwoods 60% (cis Red Maple & Red Oak), White Pine
40%
Conifers 60%, N. Hardwoods mixture 40% (cis Red Maple
and/or Red Oak)
White Pine 60% (cis Hemlock), N. Hardwood mixture 40%
(cis Red Maple and/or Red Oak)
White Pine stands
Hemlock stands
Mixed Conifer stands
Mixed Conifer 80%, N. Hardwood mixture 20% (ds Red
Maple and/or Red Oak)
Pitch Pine stands
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Table 4.1. Continued.

Major types
Palustrine Wetlands

Nonforest Cover

Subtypes
Emergent Persistent
Scrub or shrub marsh
Shrub dominant with grass
Mixed Deciduous / Conifer wetland
Deciduous dominant
Forested Wetland - Conifer
Forested Wetland - Deciduous
Open or Barren Land
Mining, Quarries, Landfills or sand
Pasture, grassland, sparse suburban lawns
Scrub/shrub and grassland mix
Rich grasslands, pasture or airports
Suburban forest mixture (40-60% canopy cover)
Conifer dominant
Maple dominant
Oak dominant
Golf courses or lush suburban lawns
Corridors
Row and Field Crops
Agriculture
Hay

Water

Fresh Open Water
Salt Open Water
Beach, Mud Flat
Estuarine, Emergent Wetland

Urban

Downtown
Urban open land
Urban shore
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Figure 4.1. Subset of buffered case sites in study area: Middleboro sites (Data
from National GAP Analysis Project).
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Results
Landscape Description
The study areas (combined buffered areas around each trap site) were found to be
composed of eight different major landscape classes as define by the GAP data set (Table
4.2). The most predominant landscape feature was non-forest cover (33%). This was
followed by 31% conifer, 19% wetlands, 7% fresh open water, 5% urban, 3% oak
dominant, 2% oak/maple/birch mixture, and 2% red maple dominant.

Table 4.2. Proportion of major landscape elements in the study areas.
Landscape element

Square meters

Proportion

non-forest cover
conifer
wetlands
fresh open water
urban
oak dominant
oak/maple/birch
red maple dominant

15,224.10
14,292.02
8,699.49
3,324.45
2,112.73
1,522.41
838.87
714.60

0.33
0.31
0.19
0.07
0.05
0.03
0.02
0.02

Total

46,728.67

1.00

The proportion that each landscape element contributes to the total area (Table
4.2) does not necessarily follow the order of the contribution of each landscape element in
a particular town (Table 4.3). For example, in Bridgewater, the element that most
contributes to the area 1-km around the trap site is wetlands (80%) rather than non-forest
cover, as would be expected from the combined landscape for all trap sites.
Similarly, some towns have more of a certain element contributing to their
landscape than do other towns (Table 4.4). The EEE focus with the greatest proportion of
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non-forest cover was Brockton (68%). The Rochester case/trap site had the greatest area
of conifer dominant landscape (54%); the largest wetland area was in Bridgewater (80%);
Lakeville had the greatest area of open fresh water (38%); Onset was surrounded by the
largest amount of urban area (17%); Oak dominant areas as well as oak/maple/birch
mixtures predominated in Whitman (10% and 8%, respectively); and red maple dominant
areas were greatest in Abington (6%).
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Table 4.4. Arrangement of towns with respect to the proportion of major landscape
element contributions at each epidemic focus.
TOWN
Abington
Whitman
Brockton
Middleboro-NE
Lakeville
Middleboro-NW
Rochester
Kingston-S
Norton
Middleboro-S
Onset
Wareham
Kingston-N
Pembroke
Bridgewater
TOWN
Whitman
Abington
Brockton
Middleboro-NE
Rochester
Middleboro-NW
Lakeville
Norton
Kingston-S
Kingston-N
Middleboro-S
Onset
Pembroke
Bridgewater
Wareham

Red maple
dominant

TOWN

0.06
0.06
0.04
0.02
0.02

Whitman
Brockton
Bridgewater
Middleboro-NE
Norton
Middleboro-NW
Lakeville
Rochester
Onset
Abington
Middleboro-S
Wareham
Kingston-S
Kingston-N
Pembroke

0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

TOWN

Oak dominant

Rochester
Middleboro-S
Wareham
Middleboro-NE
Middleboro-NW
Kingston-S
Onset
Kingston-N
Pembroke
Lakeville
Norton
Abington
Whitman
Brockton
Bridgewater

0.10
0.09
0.06
0.04
0.04
0.03
0.03
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.00
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Oak/Maple/Birch
0.08
0.06
0.05
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
Conifer dominant
0.54
0.51
0.49
0.45
0.40
0.40
0.35
0.32
0.32
0.29
0.26
0.16
0.08
0.02
0.01

Table 4.4. Continued.
TOWN
Brockton
Pembroke
Whitman
Abington
Middleboro-NW
Kingston-S
Middleboro-S
Norton
Middleboro-NE
Kingston-N
Onset
Rochester
Lakeville
Wareham
Bridgewater
TOWN
Lakeville
Onset
Wareham
Norton
Pembroke
Kingston-N
Middleboro-NW
Middleboro-NE
Middleboro-S
Rochester
Kingston-S
Abington
Whitman
Brockton
Bridgewater

Non-forest cover

TOWN

0.68
0.53
0.53
0.48
0.38
0.35
0.31
0.25
0.24
0.23
0.22
0.21

Onset
Brockton
Kingston-N
Norton
Kingston-S
Pembroke
Abington
Whitman
Middleboro-NE
Wareham
Middleboro-NW
Middleboro-S
Rochester
Bridgewater
Lakeville

0.19
0.19
0.11
Fresh open water

TOWN
Bridgewater
Kingston-N
Norton
Middleboro-NE
Rochester
Kingston-S
Middleboro-NW
Middleboro-S
Abington
Whitman
Lakeville
Pembroke
Brockton
Onset
Wareham

0.38
0.25
0.24
0.16
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Urban
0.17
0.10
0.09
0.08
0.04
0.04
0.04
0.04
0.02
0.02
0.01
0.01
0.01
0.01
0.00
Wetland
0.80
0.33
0.22
0.22
0.19
0.17
0.16
0.16
0.16
0.11
0.08
0.07
0.06
0.04
0.03

Stepwise Linear Regressions with Major Class Predictors of Mosquito Abundance
Wetlands accounted for 12.5% of the observed variation in the abundance of Ae.
canadensis populations (Table 4.5, Figure 4.2). Conifer dominant element accounted for
12.5% of the variation observed in the population abundance of this same species. Oak
dominant landscape proportion was positively associated with Ae. canadensis abundance
but was not highly correlated with it (r = 0.071, Table 4.5). The regression analysis of
variance showed the equation log (mosquito average abundance) = 0.188 + (2.598 x
wetland proportion) + (6.716 x conifer dominant proportion) to be a good predictor of
Ae. canadensis abundance during the summer season (F-ratio = 10.094, P = 0.000).
Conifer dominant was the landscape element contributing most to the Ae. vexans
major class model, accounting for 52.5% of the observed mosquito abundance variation
r\

(Table 4.5). When wetland was added to this model there was an increase in the R value
from 0.525 to 0.700 which translates to an r value increase (a better measure of the
correlation between mosquito abundance and landscape variables) of 0.725 to 0.836. The
standard error of the estimate (SEE, which estimates the standard deviation around the
regression line) was decreased from 0.2801 to 0.2319 with the addition of the wetland
category. The equation log (mosquito average abundance) = 0.625 + (-1.283 x conifer
dominant proportion) + (0.925 x wetland proportion ) was a good predictor of Ae. vexans
abundance during the summer season (F-ratio = 6.966, P = 0.001). Although wetlands
for this species is positively correlated with log average abundance (Figure 4.4), the
conifer element is actually negatively correlated with abundance (Figure 4.5).
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Wetland was the major class element that accounted for most of the variation seen
in the abundance of Cs. melanura populations (R2 = 0.482). Again, wetlands were
positively correlated with log average abundance of this species (r = 0.694, Table 4.5,
Figure 4.6). The equation log (mosquito average abundance) = 0.324 + ( 0.978 + wetland
proportion) was an adequate predictor of abundance (F-ratio = 12.108, P = 0.004).
Stepwise linear regression was not able to devise a model that would predict the
abundance of Cq. perturbans, Cx. salinarius, An. quadrimaculatus or An. punctipennis.

Table 4.5. Results of stepwise linear regression based on major type landscape categories
Variable
Ae. canadensis Wetland
Wetland +
Conifer

R
0.851

R-squared
0.725

SEE
0.2959

F-ratio
34.221

0.000

0.922

0.850

0.2270

10.094

0.000

Conifer
Conifer +
Wetland

0.725

0.525

0.2801

14.379

0.002

0.836

0.700

0.2319

6.966

0.001

Wetland

0.694

0.482

0.1991

12.108

0.004

Species

Ae. vexans

Cs. melanura
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Figure 4.2. Linear regression of Ae. canadensis log average abundance and wetland
proportion.

Figure 4.3. Linear regression of Ae. canadensis log average abundance and conifer
dominant proportion.
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Figure 4.4. Linear regression of Ae.vexans log average abundance and wetland
proportion.

Figure 4.5. Linear regression of Ae. vexans log average abundance and conifer
dominant proportion.
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Wetland Proportion

Figure 4.6. Linear regression of Cx. salinarius log average abundance and wetland
proportion.

Figure 4.7. Linear regression of Cs. melanura log average abundance and wetland
proportion.
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Stepwise Linear Regressions with Subclass Predictors of Mosquito Abundance
Stepwise linear regressions were then performed to tease out the wetland
subclasses that most contributed to the major class models. In all cases, deciduous
wetland was the specific wetland category most contributing to the models that relate
landscape elements to the abundance of Ae. canadensis, Ae. vexans, Cx. salinarius
and Cs. melanura (Table 4.6, Figures 4.8 - 4.11). Deciduous wetlands accounted
2

best for the observed variation in populations of Ae. canadensis (R = 0.834),
followed by Cs. melanura (R2 = 0.527), Ae. vexans (R2 = 0.442), and Cx. salinarius
(R2 = 0.317). The regression equation for predicting the abundance of Ae.
canadensis was log(mosquito average abundance) = -0.0137 + (1.611 x deciduous
wetland proportion) + (2.827 x scrub or shrub marsh proportion) + (1.944 x
emergent persistent proportion), F-ratio = 5.067, P = 0.000; for Cs. melanura:
log(mosquito average abundance), log(mosquito average abundance) = 0.264 +
(0.894 x deciduous wetland proportion), F-ratio = 14.498, P = 0.002; for Ae. vexans:
log(mosquito average abundance) = 0.292 + (1.091 x deciduous wetland proportion)
+ (-3.028 x mixed deciduous conifer wetland proportion), F-ratio = 8.113, P =
0.001; and for Cx. salinarius: log(mosquito average abundance) = 0.215 + (1.531 x
deciduous wetland proportion), F-ratio = 6.043, P = 0.029.
Stepwise linear regression models could not to be constructed for the conifer
subclasses and either Ae. canadensis or Ae. vexans.
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Table 4.6. Results of stepwise linear regression based on wetland subcategories
Species

Variable
Ae. canadensis Deciduous wetland
Deciduous wetland +
Scrub or shrub marsh
Deciduous wetland +
Scrub or shrub marsh
+
Emergent persistent

R
0.913
0.945

R-squared
SEE
0.834
0.2295
0.894
0.1911

F-ratio

P

65.499 0.000
6.740 0.000

0.963

0.927

0.1652

5.067

Deciduous wetland
Deciduous wetland +
Mixed
Deciduous/Conifer

0.665

0.442

0.3036

10.313 0.007

0.817

0.667

0.2441

8.113

0.001

Cx. salinarius

Deciduous wetland

0.563

0.317

0.5048

6.043

0.029

Cs. melanura

Deciduous wetland

0.726

0.527

0.1903

14.498 0.002

Ae. vexans

Figure 4.8. Linear regression of Ae. canadensis log average abundance and
deciduous wetland proportion.
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0.000

Figure 4.9. Linear regression of Ae. vexans log average abundance and deciduous
wetland proportion.

Figure 4.10. Linear regression of Cx. salinarius log average abundance and
deciduous wetland proportion.
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Figure 4.11. Linear regression of Cs. melanura log average abundance and
deciduous wetland proportion.

Discussion
The aim of this study was to use remotely sensed landscape information to
determine environmental elements that predispose humans and horses to a high risk
of EEE virus transmission. Landscape epidemiology or the ecological approach to
the study of infectious agents was developed more than 50 years ago (Pavlovsky
1966, Fish 1996). I took this approach due to the relationship that exists between the
vectors that transmit EEE virus and the physical and biological features of the
landscape. Features in the landscape such as vegetation provide food and shelter,
and other resources such as resting and developmental sites for mosquitoes. In
Massachusetts, Atlantic white cedar (Chamaecyparis thyoides) and red maple {Acer
rub rum) swamps provide optimal habitat for the development of Cs. melanura
larvae. Adult Cs. melanura are found in large numbers in light traps operated in or

95

near these forested wetlands (Komar & Spielman 1994). This species is responsible
for the maintenance and amplification of EEE virus in reservoir passine birds
throughout the United States (Edman et al. 1993). Reservoir hosts, e.g. American
robins (Turdus migratorius) and red-winged blackbirds {Agelaius quiscula), are
known to form roosts in forested swamps (Komar & Spielman 1994). In order for a
bridge or epidemic vector to obtain EEE virus, it must take a blood meal from a
viremic reservoir host. This infective mosquito may then transmit the virus by taking
a subsequent blood meal from a naive human or horse. Although occupying different
larvalniches, adults of all six potential vectors of EEE virus in Massachusetts have
been obtained from light traps at epidemic foci near forested wetlands. The intent of
this study was to identify the specific types of habitat that may contributes to the
presence and abundance of Cx. salinarius, Ae. canadensis, Cq. perturbans. An.
quadrimaculatus, Ae. vexans, and An. punctipennis. Since the population data used
for this analysis was obtained from CCVbaited ABC light traps, it represents 60-70%
of the proportion of the population attracted to a single human host during a 2-hour
period beginning at sunset (Vaidyanathan & Edman 1997). The habitats identified in
this study, represent habitats that best correlate with trapped adult populations. For
species whose adults host seek and remain close to developmental or oviposition
sites, these habitats are also indicators of good larval habitat. Identification of larval
habitats is preferred for optimal vector control, however adults transmit disease and
are more amenable to sampling.
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Wetlands accounted for 72.5% of the observed variation in the abundance of
Af?. canadensis populations and 48.2% of the variation in Cs. melanura populations.
More specifically it was the deciduous (or leafy) wetlands that accounted for the
variation seen in populations of these two species (83.4% and 52.7%, respectively).
This is consistent with the known biology of these two mosquito species. Wooded
swamps and adjacent hardwood forests are the main types of habitats for both larval
and adult Cs. melanura (Joseph & Bickley 1969). Aedes canadensis develop in
temporary woodland pools containing decaying leaves. These sites have been
documented as being closely associated with the periphery of the swamp habitats of
Cs. melanura (Carpenter et al. 1946, Main et al. 1968). In addition, Ae. canadensis
females remain close to the forest margin when host seeking in the early evening
(Hayes 1962, Trueman & Mclver 1986).
Conifer dominant accounted for 52.5% of the observed variation of Ae.
vexans populations and was 72.5% correlated (F- ratio = 14.379, p = 0.002) with
these populations. It was, however, negatively correlated with this landscape type.
Aedes vexans develops in open meadows or grassy depressions, river and stream
floodplanes (Komar & Spielman 1994, Carpenter et al. 1964, Horsefall et al. 1973).
Conifer dominant areas generally do not provide the type of floodwater habitat that
promotes the presence of Ae. vexans. This species was correlated with wetlands and
more specifically deciduous wetlands (r = 0.665). Adults of this species rest in damp
woods during the daytime.
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A major class model was not able to be derived for Cx. salinarius, Cq.
perturbans and the two Anopheles species. I was, however, able to detect a
correlation between deciduous wetlands and variation in population sizes of Cx.
salinarius.
Deciduous wetlands were identified as being the specific landscape category
that most contributes the abundance of Cs. melanura, Ae. canadensis, Ae. vexans and
Cx. salinarius and therefore the greatest risk of EEE virus transmission. Targeting
deciduous wetlands for mosquito control should therefore reduce populations of both
enzootic and several potential epidemic vectors of EEE virus. Landscape maps
derived from GAP data can be combined with street address data in order to better
plan control activities. Although a stepwise linear regression did not correlate Cq.
perturbans abundances with any specific landscape feature, their restricted larval
habitats are well known. Larvae puncture roots of emergent vegetation (cattail, water
lettuce, swamp loosestrife, arrow arum and maidencane) in permanent freshwater
marshes (Crans & Schultze 1986, Morris et al. 1990). Emergent persistent
vegetation is a distinguishable subcategory of the wetlands GAP data classification
and therefore can also be mapped based on this TM data to help direct planning
strategies against this potentially important EEE virus vector. However, it is
interseting to note the apparent lack of correlation between where the adults of this
species rest and host-seek and the proximity to their unique larval habitat.
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CHAPTER 5
EFFECT OF EEE VIRUS ON THE SURVIVAL OF PUTATIVE EPIDEMIC
VECTORS
Introduction
For decades after Manson (1878) discovered that a disease organism
(Wuchereria bancrofti) could be transmitted by mosquitoes, it was believed that the
transmitted parasites adversely affect the vertebrate hosts but not the arthropod
vector. In the case of arthropod-borne (arbo) viruses, this view began to be
challenged in 1966 when Mims et al. discovered that the salivary glands of Aedes
aegypti became degenerated when infected with Semliki Forest virus. Other
investigators have since reported changes in salivary gland morphology in
mosquitoes infected with dengue virus (Copeland 1981, Sriurairatna &
Bhamarapravati 1977), Japanese encephalitis virus (Takahashi & Suzuki 1979), and
St. Louis encephalitis virus (Whitefield et al. 1973). Morphological changes in the
midgut epithelium have been observed in Aedes dorsalis infected with western
equine encephalitis virus (Houk et al. 1985) and in Culiseta melanura infected with
eastern equine encephalitis virus (Weaver et al. 1988). Similar pathological changes
were observed in Cx. tasalis after infection with western equine encephalitis virus
(Weaver et al. 1992).
Arboviruses also were shown to adversely affect the behavior, fecundity,
development and survival of mosquitoes. A reduction in blood feeding was observed
in Ae. triseriatus infected with LaCrosse virus (Grimstad et al. 1980) and Culex
pipiens infected with Rift Valley fever virus (Turell et al. 1985). Rift Valley fever
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virus induced a reduction in fecundity of infected Cx. pipiens (Turell et al. 1985)
and in infected Ae. albopictus San Angelo or Kunjin viruses reduced fecundity (Tesh
1980). Delayed larval development resulted from transovarial infection in certain
mosquito species by San Angelo and Kunjin viruses (Tesh 1980), yellow fever virus
(Beaty et al. 1980), and California encephalitis virus (Turell et al. 1982).
The effect that an arbovirus has on the survival of its mosquito is important in
determining the vectorial capacity of mosquitoes carrying the virus. Reduced
survival has been reported in mosquito larvae inoculated with Rift Valley fever,
eastern equine encephalitis virus, and Chikungunya virus (Turell 1992). Faran et al
(1987) first reported evidence of an arbovirus adversely affecting the survivorship of
an epizootic mosquito vector with Rift Valley fever infected Culex pipiens.
Eastern equine encephalitis virus not only causes gut pathology but also to
has a detrimental effect on the survival of adult Cs. melanura (Scott et al., in press).
These findings challenge the old assumption that vertebrate parasites do no harm to
their natural invertebrate hosts and vector. However, not all studies have
demonstrated negative effects. No significant reduction in survivorship was found in
Cx. pipiens infected with Japanese B encephalitis virus (LaMotte 1960) or Ae.
aegypti infected with Semliki Forest virus (Mims et al. 1966).
The discovery that certain viruses can reduce survivorship in their
invertebrate hosts raises an interesting questions. For example, the finding that EEE
virus causes pathology and affects the survival of Cs. melanura, raises the question
of whether or not this virus is similarly harmful to its epidemic vector(s). In eastern
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Massachusetts, suspected epizootic vectors of EEE virus include: Culex salinarius,
Aedes canadensis, Coquillettidia perturbans, Anopheles quadrimaculatus, Ae.
vexans and An. punctipennis (see Chapter 3).
The experiments described in this chapter evaluated the effect EEE virus has
on the survivorship of Cq. perturbans. An. quadrimaculatus (putative epidemic
vectors in Massachusetts) and Aedes albopictus, the Asian tiger mosquito. Aedes
canadensis and Cx. salinarius, two high ranking putative vector species in
Massachusetts, were not included due to their low abundance during the summer
when these experiments were conducted. I included Ae. albopictus since it is a wellestablished and competent vector of EEE virus in the southeastern United States and
represents a potential threat in EEE endemic areas in the Northeast including
Massachusetts.

Materials and Methods

Mosquitoes, Virus and Viral Assays
Adult female Coquillettidia perturbans mosquitoes were trapped with
American Biophysics Corporation (ABC) light traps supplemented with CO2.
Females used in these experiments were trapped at a cattail swamp in the Quabbin
Reservoir in Shutesberry, Massachusetts in early July of 1997. Emerging
populations of Cq. perturbans were monitored via ABC light traps with CO2 at this
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site beginning in early-June. One to three week old mosquitoes were used for
survivorship experiments.
Eggs of Anopheles quadrimaculatus were provided by the USDA/ARS
Laboratories in Gainesville, FL. This An. quadrimaculatus colony originated from
Orlando, Florida in the 1950s. Since the colony came from Orange County, it most
likely belongs to the sibling species complex A. These eggs were hatched at
USAMRIID insectary and raised to adults. Mated 4-8 day old adult females were
used for survivorship experiments.
Colony Aedes albopictus adults were provided by the Virology Division at
USAMRIID. Mated 4-8 day old adult females were used for survivorship
experiments.
Immature and adult mosquitoes from lab colonies were maintained at 26°C
with a 16L:8D hr photoperiod. Larvae were fed ground fish food. Adults were
provided apples and water. Humidity levels were increased by placing moist gauze
pads on top of adult mosquito cages.
An EEE virus isolate (90-122) was used from a 1990 Culiseta melanura pool
collected in Halifax, Massachusetts. Stock solution of the virus (10 3 dilution) was
inoculated into chick embryo tissue culture (Y. Gonzalez Chase, Massachusetts
Department of Public Health). Aliquots of 0.5 ml were frozen with 1% fetal bovine
serum (FBS). Aliquots were diluted 1:10 and 1:100 with Medium El99 which
contain Earl’s salts, 10% heat inactivated FBS, antibiotin, and sodium bicarbonate.
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Mosquito bodies and legs were triturated separately in 1 ml mosquito diluent
(10% heat inactivated FBS in Medium 199 with Earl’s salts plus antibiotics) and
stored at -70°C until assayed on 2-4 day old Vero cell monolayers (Gargan et al.
1983).

Survival Experiments with Mosquitoes Orally Exposed to EEE Virus
Adult female mosquitoes were allowed to blood feed on an anesthetized oneday-old chick 24 hours after it was inoculated with 105 plaque forming units (PFU)
of EEE virus in 0.2 ml of mosquito diluent. A control group was included in each
experiment, where mosquitoes were allowed to feed from uninfected one day old
chicks at the same time as the experimental groups fed from viremic chicks.
Engorged mosquitoes were placed in 3.8 L cardboard container in the
Biocontainment Laboratory Safety Level 3 Suite incubator and were observed daily
for mortality. After 6-8 days post-blood meal, mosquitoes were cold anesthetized
and one mesothoracic leg was removed from each female, triturated (ground) and
stored at -70° C for viral assay.
Each mosquito was placed in a 0.9L card board container, fed 5% corn syrup
and observed twice daily (at 10:00AM and 4:00PM) for mortality until the
experiment was terminated. Dead mosquitoes were removed from the containers
immediately for viral assay. Mosquito bodies and the remaining legs were triturated
separately at the end of each experiment in mosquito diluent and stored at -70°C.
Legs and bodies were plaque assayed on 2-4 day old Vero cell monolayers. These
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assays were designed to see if virus had infected mosquitoes and disseminated from
the midgut into the hemocoel.
The day when leg trituration first took place was designated as day 0 since
this was the point when it was first known whether mosquitoes were infected and if
that infection was disseminated (Table 5.1). Two replicates were conducted for Cq.
perturbans; day 0 for both corresponded to day 7 after the blood meal. Three

replicates were conducted for An. quadrimaculatus; day 0 corresponded to days 6,7,
and 8 after the blood meal. Two replicates were conducted for Ae. albopictus; day 0
for both corresponded to day 6 after the blood meal. Experiments were terminated at
day 14 for Cq. perturbans and Aw. quadrimaculatus and at day 19 for Ae. albopictus
since no mortality was seen at day 14.

Table 5.1. Time of trituration for per os experiments.
Species
Coquillettidia perturbans
Anopheles quadrimaculatus
Aedes albopictus

Day 0
Leg Trituration
Day 7

Final Day
Body and Leg Trituration
Day 14

Days 6, 7, 8

Day 14

Day 6

Day 19

In experiments 1 and 2, Cq. perturbans were allowed to feed on chicks with
EEE virus viremias of 109 3 and 108 3 plaque forming units (PFU). Survival rates
were calculated for both experiments based on the number of individuals surviving at
least 3 and 7 days post-mesothoracic leg trituration.
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In experiments 3, 4 and 5, An. quadrimaculatus mosquitoes were allowed to
feed on chicks with EEE virus viremias of 109 2,106 °, and 108 6 PFU, respectively.
Survival rates were calculated for these experiments, as in experiments 1 and 2,
based on the number of individuals surviving at least 3 and 7 days after removal of a
mesothoracic leg for trituration.
Survivorship experiments 6 and 7 were performed with Ae. albopictus
mosquitoes that were allowed to feed on chicks with EEE virus viremias of 108 9 and
109 1 PFU, respectively. Survival rates were calculated based on the number of
individuals surviving at least 3 and 13 days after leg trituration.

Survival Experiments with Mosquitoes IT Inoculated with EEE Virus
Three experiments were conducted with EEE virus intrathoracically (IT)
inoculated into mosquitoes to observe the effect of bypassing the midgut escape
barrier on survivorship and to increase the sample size of mosquitoes with
disseminated infection. Two experiments with Cq. perturbans and one with An.
quadrimaculatus were performed. In each experiment, a control group of the same

species was IT-inoculated with diluent.
All three experiments were conducted blind so that the investigator
performing the inoculations was unaware of whether the inoculum contained virus or
only diluent. Each cohort was placed into a gallon cardboard container with netting
on top. If mortality occurred within 24 hours, it was considered to be due to the
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trauma experienced by the mosquito during inoculation. Cages were observed for
mortality twice daily, for experimental and control groups in all three experiments.

Statistical Analysis
Comparison between survival rates was performed using Pearson Chi-square
and Fisher’s Exact Eest at the 0.05 significance level. Survival curves in the ITexperiments were compared using Wilcoxon Survivorship Analysis to compare
survival trends during the period of the experiment.

Results

Survival of mosquitoes Orally Exposed to EEE Virus
The dissemination rate for the combined Cq. perturbans experiments was
24.6% on day 7 and 39.3 % on the final day of the experiment while the infection
rate was 39.3% (range of 25.0% to 51.1%, Table 5.2). The dissemination rate for the
combined An. quadrimaculatus experiments was 18.3% on day 7 post bloodmeal and
26.6% on the final day of the experiments. The infection rate for this species was
64.2% (range 41.5% to 86.2%, Table 5.2). For Ae. albopictus the dissemination rate
for the combined experiments on day 7 was 65.5% and on the final day it was 94.8%.
The infection rate was 94.8% (range 93.0% to 100%, Table 5.2).
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Table 5.2. Dissemination and infection rates for per os infected Cq. perturbans, An.
quadrimaculatus and Ae. albopictus.

Species
Cq. perturbans

An. quadrimaculatus

Ae. albopictus

Experiment

Day 7
Leg

Final Day
Leg

Final Day
Body

1

5/28(17.9)

8/28 (29.6)

12/27 (44.4)

2

10/33 (30.3)

13/33 (39.3)

17/24 (70.8)

Combined

15/61 (24.6)

21/61 (34.4)

29/51 (56.8)

3

8/29 (27.6)

11/29 (37.9)

25/29 (86.2)

4

2/41 (4.9)

6/41 (14.6)

17/41 (41.5)

5

10/39 (25.6)

12/39 (30.7)

28/39(71.8)

Combined 20/109(18.3) 29/109 (26.6)

70/109 (64.2)

6

25/43 (58.1)

40/43 (93.0)

40/43 (93.0)

7

13/15(86.7)

15/15(100)

15/15(100)

Combined

38/58 (65.5)

55/58 (94.8)

55/58 (94.8)

Comparison of Survival Rates on Day 3 and Final Day after Leg Trituration at Day_0
There were a total of 72 Cq. perturbans females in the control. Of those that
took an infected blood meal, 15 were disseminated at day 0 and 45 were not; 22 were
uninfected (Table 5.3). Reduction in survival when the virus disseminated from the
midgut of Cq. perturbans was significant. At day 3 after leg trituration (day 10 post¬
blood meal) only 53% of the disseminated group survived compared to 87% of the
non-disseminated and 91% of the uninfected groups. At day 7 (day 14 post-blood
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meal) only 7% of the disseminated group survived compared to 33% and 27% of the
non-disseminated and uninfected mosquitoes, respectively. Differences between
disseminated and uninfected groups were not significant on this day. This may be a
reflection of sample size.

Table 5.3. Survival rates of per os infected Cq. perturbans mosquitoes at day 3 and
day 7 after leg titration.
Dissemination Status
(day 0)

No. Mosquitoes

No. Alive at
(day 3*)

No. alive at
(day 7**)

Disseminated

15

8(53)

1(7)

Not Disseminated

45

39 (87)

15 (33)

Uninfected

22

20 (91)

6(27)

Disseminated vs.
N ondisseminated

p = 0.0067

p = 0.0431

Disseminated vs.
Uninfected

p = 0.0089

p = 0.1085

* day 3 = day 10 post-blood meal
**day 7 = day 14 post blood meal

There were a total of 53 An. quadrimaculatus females in the control groups.
Of those that took an infected blood meal, 20 were disseminated at day 0 and 91
were not; 32 were uninfected (Table 5.4). At day 3 after leg trituration and even at
day 7 (day 14 post-blood meal) there was no significant difference in the
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survivorship of these three groups. The virus did not significantly reduce survival
whether disseminated or not.

Table 5.4. Survival rates of per os infected An. quadrimaculatus mosquitoes at day
3 and day 7 after leg titration.
Dissemination status
(day 0)

No. Mosquitoes

No. Alive
(day 3*)

No. alive
(day 7**)

Disseminated

20

14 (70)

11 (55)

Not Disseminated

91

73 (80)

54 (59)

Uninfected

32

23 (72)

14 (44)

Disseminated vs.
Nondisseminated

p = 0.3148

p = 0.7212

Disseminated vs.
Uninfected

p = 0.8846

p = 0.4296

* day 3 = day 10 post-blood meal
**day 7 = day 14 post blood meal

A total of 58 Ae. albopictus females took blood meals infected with EEE
virus and 48 in the control groups. Of those that took an infected blood meal, 38
were disseminated at day 0 and 20 were not (Table 5.5). At day 3 after leg trituration
(day 9 post-blood meal) and even at day 13 post-leg titration all mosquitoes remained
alive. The virus did not affect their survivorship.
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Table 5.5. Survival rates of per os infected Ae. albopictus mosquitoes at day 3 and
day 7 after leg titration.
Dissemination status
(day 0)

No. mosquitoes

No. alive
(day 3*)

No. alive
(day 13**)

Disseminated

38(100)

38(100)

38(100)

Not Disseminated

20(100)

20(100)

20(100)

Uninfected

0

NA

NA

* day 3 = day 9 post-blood meal
**day 13 = day 19 post blood meal

Survival of Mosquitoes Inoculated with EEE Virus
In Cq. perturbans, virus vs. diluent inoculated survivorship curves up to day
14 were similar when replicates were combined (Experiments 8 and 9, Figure 5.1).
The combined sample size was 62 for the virus infected group and 72 for the control.
In one replicate there was a reduction in survivorship in the virus treated group
compared to the diluent control but this difference was not significant by the
Wilcoxon test (p = 0.1722).
In An. quadrimaculatus, virus vs. diluent inoculated survivorship curves were
similar (Experiment 10, Figure 5.2). The sample size was 143 for the test group and
47 for the control. The difference was not significant by the Wilcoxon test for
survivorship (p = 0.4572).
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Figure 5.1. Survival curve of combined replicates (Experiment 8 and 9) EEE virus
IT-inoculation experiment of Cq. perturbans.

Figure 5.2. Survival curve of EEE virus IT-inoculation experiment of An.
quadrimaculatus (Experiment 10).

Ill

Discussion
In order for a virus to be transmitted in nature, its vector must have sufficient
vectorial capacity to maintain virus replication. Vectorial capacity may be defined as
the “the number of new infections disseminated per case per day by a vector” (Reisen
1989). The concept of vectorial capacity was first developed by Sir Ronald Ross
(1910) who tried to relate malaria transmission to the relative abundance of
anopheline mosquitoes to that of its human hosts. This concept was expanded by
MacDonald (1952) who included parasitological and entomological parameter in
order to make estimations of the malaria reproductive rate. Garrett-Jones (1964)
simplified the vectorial capacity equation by removing the parasitological estimates
from the formula and only included entomological parameters. Reisen (1989)
presents a modification of the Garrett-Jones and MacDonald equations to include the
ability of a vector to become infective or vector competence. Vectorial capacity (V)
may therefore be defined by the following equation where m = vector density in
relation to host, a = host biting rate per day per mosquito, p = probability of daily
survival of the infected vector, n = extrinsic incubation period (days) of the virus in
the vector, and b = proportion of exposed vectors becoming infective (Vector
competence).
V = ma2pnb
-logeP
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One major problem in adapting the vectorial capacity equation for
arboviruses is the rapid and long lasting immunity that is associated with the bird
population (Freier, 1989). Smith (1987) modified this equation for arboviruses as
follows:
R = mbhSmVs vpl
-loge P
Where:
R = the virus reproductive rate
m = mosquito abundance (bites per bird per night)
b = number of feeds per mosquito per day
h = proportion of bird blood meals among all blood meals
sm = vector competence
V = duration of infective viremia in birds
sv = proportion of birds susceptible to infection
p = mosquito daily survivorship
i = extrinsic incubation period of virus

Since humans and horses are dead end hosts, from which no virus can be
ingested by a mosquito and transmitted to another host, they are considered
inconsequential in the reproduction of an arbovirus. Therefore R, the rate in which
the virus reproduces in nature, is best estimated for the enzootic cycle where
passerine birds are the reservoir host.
The daily survivorship (p) of the vector is a critical parameter in determining
its vectorial capacity. An increase in survivorship can greatly increase the numerator
where survivorship is increased exponentially and can decrease greatly the
denominator where it is negatively log transformed. Accordingly, a small decrease in
mosquito daily survivorship can greatly reduce the ability of a virus to reproduce in
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nature. The effect that an arbovirus has on the survivorship of its vector is important
for two reasons: (1) it determines the rate of virus replication in nature; (2) it
determines the length of time in which the vector is able to transmit and the size of
the infective vector population.
I found that the survivorship of Cq. perturbans was significantly affected by
per os infection of EEE virus. Oral exposure to EEE virus significantly reduced the
number of Cq. perturbans mosquitoes that survived to at least 10 and 14 days after
an infective bloodmeal.
Since no differences in the survivorship of uninfected vs. control females
were found, these two groups were combined and compared with the survivorship of
mosquitoes experiencing disseminated infections (Figure 5.3). This difference may
be epidemiologically quite important because it suggests that Cq. perturbans may be
a poor transmitter to humans and horses after it feeds from an EEE virus infected
bird. Dissemination is required for subsequent transmission and only 18% of Cq.
perturbans mosquitoes that took an infected blood meal experienced disseminated

infections. Only 4% of disseminated Cq. perturbans were found to transmit in recent
transmission studies (Vaidyanathan et al. 1997). This implies that the potential of
transmission to the dead end host is made even lower by the effect the virus has on
the survivorship of this potential epidemic vector. This also indicates that EEE virus
does not reside benignly in Cq. perturbans. Based on my survivorship data a
hypothetical scenario to postulate the vectorial capacity ofCq. perturbans can be
created using Smith’s equation (see above). Table 5.6 is a comparison based of
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vectorial capacity when Cq. perturbans survival is reduce for 14 days as observed in
this study versus when its survival is not reduced. This supports the notion that Cq.
perturbans is an inefficient viral maintanance vector and by analogy a poor epidemic

vector as well. The virus’ effect on the survival of this vector appears to be
associated with infection of the midgut since inoculated individuals (by-passing the
midgut) did not show increased mortality.

Figure 5.3. Survivorship curve of disseminated vs. uninfected and control Cq.
perturbans mosquitoes
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Table 5.6. Comparison of vectorial capacity of Cq. perturbans if survival is affected
vs. not affected by EEE virus.
Vectorial capacity
variables

Survival
affected

Survival
not affected

3

3

b = no.
feeds/mosquito/day

0.25

0.25

Reisen 1983
(for WEE)

h = proportion bird blood
meal

0.10

0.10

Estimate from EEE
literature

sm = vector competence

0.04

0.04

Vaidyanathan et al.
1997

4

4

Kissling et al. 1954

sv = proportion birds
susceptible

0.56

0.56

Morris et al. 1994

p = mosquito daily
survivorship

0.83

0.92

Moncayo et al. in prep.

7

7

Moncayo et al. in prep.

0.009

0.045

m = abundance
(bites/bird/night)

V = duration bird viremia

i = extrinsic incubation
period
Vectorial capacity =

Reference
Estimated

Disseminated infection appeared to reduce the survivorship of An.
quadrimaculatus mosquitoes in one of three experiments (Experiment 3) although

not significantly. IT experiments agreed with this lack of significant difference
between disseminated and non-disseminated groups. Survivorship in this species
may be reduced by EEE infection but this could not be demonstrated in my
experiments.
Infection by EEE virus had no observable effect on the survivorship of
disseminated vs. non-disseminated of Ae. albopictus. In fact, most of the individuals
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taking an infective bloodmeal demonstrated disseminated infections and 100% of
them survived 10 days after this bloodmeal as compared to 100% of the control
group. It would appear that this newly introduced species could be a dangerous
epidemic vector of EEE virus in any endemic foci in the eastern U.S. where it
becomes well established
The infection rates found in these experiments for Cq. perturbans and An.
quadrimaculatus fit well with infection rates recorded by other investigators

(Vaidyanathan et al. 1997). I found a total infection rate in Cq. perturbans of 56.8%
compared to 43% reported by Vaidyanathan et al. (1997). Infection rates were higher
in my An. quadrimaculatus experiments (64.2%) than observed by Vaidyanathan et
al. (1997) after infecting this species with EEE virus (41%). However I used a longestablished laboratory colony whereas Vaidyanathan et al. (1997) tested field
females. Infection rates observed for Ae. albopictus infected with EEE virus are
consistent with reports in the literature (Scott et al. 1990).
Barriers for final transmission of EEE virus seem to be present at various
levels in the three species treated in this study. In the case of Cq. perturbans, an
infection rate of 56.8% is consistent with the hypothesis that infection barriers exists
for EEE virus (Table 5.7). A final dissemination rate of 34.5% demonstrates that
dissemination increases with time and also that a midgut escape barrier may present
an obstacle for EEE virus in Cq. perturbans. A 4 % transmission rate has been
reported for Cq. perturbans infected with EEE virus (Vaidyanathan et al. 1997). The
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dissemination rate in my study (34.4%) suggest that a salivary gland barrier may
exist.
There may be a midgut escape barrier in An. quadrimaculatus Orlando strain
as suggested by an overall infection rate of 64.2% (Table 5.7). This rate was higher
than the 41% infection rate for field caught An. quadrimaculatus from Massachusetts
(Vaidyanathan et al. 1997). This may be a reflection of geographic variation in
competency for EEE virus in this species. However, my results may not be
representative of what is currently seen in the field and could theoretically be due to a
founder effect in the colony used for these experiments. Dissemination rates in this
species increased with time. The overall dissemination rates of 26.6% reported here
by day 14 post bloodfeeding suggest that there may be a midgut escape barrier in An.
quadrimaculatus. EEE virus transmission rates of 10% have been reported for An.
quadrimaculatus (Vaidyanathan et al. 1997). Since dissemination rates were found

to be 26.6% this suggests the presence of a salivary gland barrier for EEE virus.
I found no significant midgut barrier in Ae. albopictus. Infection rates were
100% (Table 5.7). There is evidence of a midgut escape barrier since the overall
dissemination rate for this species on day 6 was 65.5%. However, by day 19, the
dissemination rates increased to 94.8%. This is consistent with the finding by Scott
et al. (1990) who described midgut dissemination as gradual but eventually

occurring. In their study Scott et al. (1990) reported a 25% transmission rate by day
8 and a 57% transmission rate by day 15 post infectious bloodmeal. They suggested
a salivary gland barrier for this species.
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In comparing my data with that of Vaidyanathan et al. (1997) and Scott et al.
(1990) to identify barriers, it should be kept in mind that although the same species
was involved, there were strain differences and titer differences of EEE virus.
Although these comparisons may suggest possible barriers, they are not a substitute
for more detailed studies with consistent strains and viral titers.

Table 5.7. Infection, dissemination and transmission rates (percentage) of Cq.
perturbans, An. quadrimaculatus, and Ae. albopictus after oral infection with EEE
virus.

Species

Final Day
Body

Day 7
Final Day
Transmission
Disseminated Disseminated
Rate

Cq. perturbans

56.8

24.6

34.4

4*

An. quadrimaculatus

64.2

18.3

26.6

10*

Ae. albopictus

94.8

65.5

94.8

57**

* Vaidyanathan et al. (1997)
** Scott et al. (1990)

Weaver and others (1988) described the following pathological in Cs.
melanura after EEE virus infection: sloughing of infected gut epithelial cells,

degeneration of cells within the gut epithelium, loss of brush border, and disruption
of the basal lamina. Sloughing of infected epithelial cells has been proposed as a
method of modulating mosquito infection.
These changes are thought to result in two possible, yet incongruous, results.
Both bear some logic. The first is that midgut pathology may actually aid disease
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transmission by facilitating the dissemination of virus to the saliva. The second is
that this pathology can serve to modulate mosquito infection by the sloughing of
infected luminal cells. How can the same mechanism aid transmission of a virus and
at the same time reduce infection in the mosquito vector? Adaptation is a two way
street. Midgut sloughing may reduce EEE virus load in Cs. melanura (good for the
vector and good for the virus since it should not overwhelm its vector to the point of
rendering it unable to fly and feed) while providing a mechanism to enhance
dissemination and ultimately transmission (good for the virus).
EEE virus not only causes midgut pathology in Cs. melanura but also reduces
the survival of this species (Scott et al., in press). Culiseta melanura also has a very
high EEE infective rate. I found EEE virus to also reduce the survival of Cq.
perturbans. Not only is the survival of infected mosquitoes significantly reduced in

comparison to uninfected controls but the survival of disseminated mosquitoes is
significantly compromised compared to non-disseminated mosquitoes.
Although no significant reduction in the survival of infected An.
quadrimaculatus was observed, differences may have been found if experiments had

been prolonged.
The survivorship of Ae. albopictus was not affected by being infected with
EEE virus. Although this finding has important epidemiological implications,
studies on blood-feeding preferences and population ecology need to be conducted to
more fully appreciate the potential of Ae. albopictus in EEE virus transmission in
North America.
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